Bishō hikari kyōshinki shūhasū komu eno hisenkei kōgaku kōka no eikyō ni kansuru kenkyū by スズキ, リョウ et al.
 
 
 
 
A thesis for the degree of Ph.D. in Engineering 
 
 
Investigation into the effects of optical nonlinearities 
on microresonator frequency combs 
 
 
 
 
 
 
  
February 2019 
 
 
Graduate School of Science and Technology 
Keio University 
 
SUZUKI, Ryo 
 



Abstract
Microresonator frequency combs, which are known as microcombs or Kerr combs, can provide
attractive characteristics for optical pulse lasers such as a low driving power thanks to their high
quality factor (Q factor) and small mode volume, a compact size, and a high repetition frequency
that corresponds to the cavity free spectral range (FSR). The repetition frequency of microcombs
is typically in the 10 to 1000 GHz range, which is exceeding that of conventional optical pulse
sources (<10 GHz). These characteristics are compatible with many practical applications
including optical communicationswithwavelength divisionmultiplexing, microwave oscillators,
optical frequency synthesizers, and dual-comb spectroscopy and LiDAR.
A microcomb is formed inside a microresonator via four-wave mixing, which is driven
by a continuous-wave pump laser. However, besides the four-wave mixing processes, other
eﬀects of optical nonlinearities occur owing to strong light-matter interactions in the dielectric
microresonator. These eﬀects sometimes help or disturb to generate a microcomb, and also
change the properties including the repetition frequency, bandwidth, and coherence. In this
thesis, the author studies the eﬀects of cavity optomechanics, stimulated Raman scattering, and
cross-phase modulation on microcombs. These understandings help to generate microcombs
that have controlled-properties such as noises, operation wavelengths, spectral envelope shapes,
and repetition frequencies.
Chapter 1 introduces the background to microresonators and microcombs to clarify the
motivation behind this thesis. The basic generation scheme, previous researches, andmicrocomb
applications are introduced. In addition, the related researches of eﬀects of optical nonlinearities
on microcombs are introduced.
Chapter 2 explains microresonator characteristics to make it easier to understand this thesis.
The contents are basic theory ofmicroresonators, optical coupling systems, fabrication processes
of microresonators and tapered ﬁbers, developed measurement methods for Q factors and cavity
dispersions, and optical nonlinear processes in microresonators.
Chapter 3 explains the basic theory and measurement data of microcombs. The theory
mainly deals with a Lugiato-Lefever equation, which can calculate microcomb formation inside
a microresonator and provide an approximate analytical solution for a dissipative Kerr soliton.
The measurement data includes microcomb spectra generated in three platforms (silica toroid,
silica rod, and polished magnesium ﬂuoride microresonators) and optical transmission with
soliton steps while scanning the pump frequency.
Chapter 4 describes a study of cavity optomechanical behaviors on microcomb generation
and demonstrates that it is possible to suppress cavity optomechanical parametric oscillations
with the generation of a Turing pattern comb (microcomb) in an anomalous dispersion toroidal
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microresonator.
Chapter 5 describes a study of Raman comb generation in a silica rod microresoator that
has a cavity FSR in a microwave rate. The center wavelength is controlled via detuning and
coupling optimizations. This study provides the explanation of the formation dynamics, of
which understanding is needed to generate smooth and phase-locked Raman combs.
Chapter 6 is a numerically study of dual-comb generation and soliton trapping in a single
microresonator, whose two transverse modes are excited with orthogonally polarized dual-
pumping. The simulation model is described by using coupled Lugiato-Lefever equations,
which take account of cross-phase modulation and the diﬀerence in repetition frequencies.
Chapter 7 summarizes the content of each chapter and discusses future work and the outlook
for microcomb research.
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Chapter 1
Introduction and motivation
This chapter introduces the background ofmicroresonators andmicroresonator frequency combs
(microcombs) to clarify the motivation of this thesis. The basic generation scheme, important
previous research, and microcomb applications are introduced. In addition, the related research
into eﬀects of optical nonlinearities on microcombs are introduced.
1.1 Introduction of optical microresonators
Developments of laser (light ampliﬁcation by stimulated emission of radiation) technologies,
which were ﬁrst theoretically proposed by Charles H. Townes and Arthur L. Schawlow [1]
and experimentally demonstrated by Theodore H. Maiman [2], improve our standard of living.
The use of coherent light has opened up applications such as optical communications, material
processing, precise measurements, and deﬁnitions of physical constants.
A laser mainly contains two elements: a gain medium and an optical resonator (cavity). Note
that there are no signiﬁcant diﬀerence between "resonator" and "cavity" in this thesis. The typical
optical resonator is a Fabry-Pérot type, which consists of two mirrors with high reﬂectance in the
air. To manipulate and modulate the resonant light, some optical elements (e.g. gain mediums,
saturable absorbers, and dispersion compensation mirrors) are put on the resonator pathway.
On the other hand, optical microresonators (microcavities) conﬁne light in dielectric materials,
which have a higher refractive index than surrounding materials. Since dielectric materials
have third order optical nonlinearities (and also the second order optical nonlinearities in some
materials) and resonant light is conﬁned in the small structure, light-matter interactions can be
eﬃciently created inside the microresonator [3,4]. The applications extend over microresonator
frequency combs [5–7], biological and chemical sensors [8–10], optical signal processing [11],
cavity quantum electrodynamics (QED) [12], and cavity optomechanics [13, 14].
Figure 1.1 shows images of typicalmicroresonators: awhispering-gallerymode, awaveguide-
integrated ring, and a ﬁber-based Fabry-Pérot microresonators. Whispering-gallery modes are
resonances that conﬁne light into the edge of a microresonator by total internal reﬂection, which
is due to the diﬀerence of refractive indices between the resonator and its surrounding materi-
als [15]. This resonant scheme can make use of various materials such as silica (SiO2) [16–18],
ﬂuoride materials [19, 20], sapphire (Al2O3) [21], polymers [22], chalcogenide glass [23], and
1
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Fig. 1.1: Optical microresonators. (a) A whispering-gallery mode, (b) a waveguide-integrated
ring, (c) a ﬁber-based Fabry-Pérot microresonators. Reprinted by permission from Macmillan
Publishers Ltd.: A. M. Weiner, Nat. Photonics 11. 533–535 (2017) [7]. Copyright 2017.
lithium niobate (LiNbO3) [24]. These structures are fabricated by polishing or laser process-
ing. Waveguide-integrated ring microresonators are fabricated by using CMOS-compatible
processes, which can precisely control the structure and the resonant mode proﬁles. Also,
simultaneous fabrication of a microresonator and a coupling waveguide is the one advantage
for integration and realization of a stable coupling condition. The CMOS-compatible processes
limit the materials, which are only silicon nitride (Si3N4) [25], silicon (Si) [26], high-index
silica-glass [27], aluminium nitride (AlN) [28], aluminium gallium arsenide (AlGaAs) [29], and
diamond [30]. Recently, ﬁber-based Fabry-Pérot microresonators, which consist of single-mode
optical ﬁbers whose facets are coated with zero group delay dielectric Bragg mirrors, have been
reported [31]. This microresonator is direct-coupled to a input laser and compatible with other
ﬁber elements. In this thesis, I used whispering-gallery mode microresonators made of silica
and magnesium ﬂuoride (MgF2).
1.2 Optical frequency combs in mode-locked lasers
An optical frequency comb is laser light having discrete laser lines, that are equidistantly
spaced and mutually coherent, in the frequency domain [32–35]. Frequency comb technologies
provide a precise measurement method of optical frequencies, which is a drastic improvement
and simpliﬁcation of complex frequency chain systems [36]. Owing to their contributions
to the development of laser-based precision spectroscopy and frequency combs, Theodor W.
Hänsch and John L. Hall won the 2005 Nobel Prize in physics. In addition, frequency comb
applications cover a lot of ﬁelds in research and industry, which are not only precise frequency
measurement but also attosecond science, trace gas sensing, exoplanet searches, low noise
microwave generation, distance measurement, and so on.
To use a frequency comb as an optical frequency ruler, it is required to know the precise
frequencies of all comb lines that follow as
fm = fceo + m frep , (1.1)
where m is the large integer of around 106 order (m ∈ N), fceo is the carrier-envelope oﬀset
2
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Fig. 1.2: (a) Optical spectrum and (b) pulse train in a mode-locked pulse laser. Since time
and frequency domains are transformed via Fourier transformation, the repetition frequency of
a pulse train is determined by the mode spacing of discrete comb lines. With the stabilization
of frep and fceo, the absolute frequency is determined as follows: fm = fceo + m frep. The
carrier-envelope oﬀset phase Δϕ0 of the pulse train depends on the ratio between frep and fceo.
frequency, and frep is the repetition frequency, as shown in Fig. 1.2. The repetition frequency
is easy to measure by using a photodetector because it is typically around 100 MHz. On the
other hand, the measurement of the carrier-envelope oﬀset frequency needs a self-referencing
technique. The self-referenced frequency comb consists of a mode-locked pulse laser (e.g.
Ti:sapphire and ﬁber lasers), a highly nonlinear ﬁber (e.g. photonic crystal ﬁbers), an f -2 f
interferometer with a second-harmonic generation (SHG) crystal, and a reference microwave
clock. The optical pulse train is launched to a highly nonlinear ﬁber, which broadens the
spectral bandwidth to octave-spanning [37]. The octave-spanning comb includes comb lines
that have frequencies of fceo + m′ frep and fceo + 2m′ frep. The former frequency is doubled with
a SHG crystal to 2 fceo + 2m′ frep. In an f -2 f interferometer, the beatnote signal can provide the
frequency diﬀerence as follows:
fceo = (2 fceo + 2m′ frep) − ( fceo + 2m′ frep) . (1.2)
The carrier-envelope oﬀset and repetition frequencies are stabilized to a reference microwave
clock, whose feedback loops usually control the cavity length and the angle of the end mirror
(or pump power), respectively.
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1.3 Introduction of microresonator frequency combs (micro-
combs)
A microresonator frequency comb (known as a microcomb or a Kerr comb) is laser light that has
a comb-like spectrum and is generated in a dielectric microresonator (e.g. made of silica, MgF2,
and Si3N4) via cascaded four-wave mixing (FWM). Microcomb sources can provide attractive
characteristics for optical pulse lasers such as a low driving power thanks to their high quality
factor (Q factor) and small mode volume, a compact size, and a high repetition frequency that
corresponds to the cavity free spectral range (FSR). The repetition frequency of microcombs
is typically in the 10 to 1000 GHz range, which is exceeding that of conventional optical pulse
sources (<10 GHz). These characteristics are compatible with many practical applications.
This section introduces the microcomb generation scheme, important previous research, and
applications.
1.3.1 Microcomb generation in optical microresonators
Figure 1.3(a) shows an illustration of the microcomb generation system with a dielectric mi-
croresonator driven by a continuous-wave (CW) laser through an external waveguide. The CW
laser (input) is converted to the microcomb (output) via FWM because the intracavity power
builds up in the microresonator thanks to its high-Q and small mode volume, and extends the
threshold for FWM in the dielectric material. When the relative phases between the comb lines
are zero, the output light in the time domain becomes an optical pulse train which is known as
a soliton microcomb or a dissipative Kerr soliton (the detail is explained in §3.1.3).
Figures 1.3(b) and (c) are schematics of a conventional mode-locked and amicrocomb lasers,
respectively. A conventional mode-locked laser consists of a resonator, a saturable absorber, a
gain medium, and a pump laser. The light in multiple frequencies are generated from a gain
medium, that has a broad gain spectrum and is excited with a pump laser. Since the saturable
absorber works to match the mutual coherence between the light in multiple frequencies, the
output light becomes amode-locked pulse train. Here, themode spacing in the frequency domain
(the repetition frequency in the time domain) corresponds to the cavity FSR (the roundtrip time
in the resonator). On the other hand, a microcomb laser consists of a microresonator and a pump
laser. The comb is converted from the CW pump laser, which works as a gain supplier and is
a component of the comb spectrum. The relative phases between the comb lines become zero
when the all comb lines propagate at the same group velocity inside the microresonator with
balance between Kerr eﬀects and anomalous dispersion (known as soliton propagation).
1.3.2 Milestones in microcomb research
The ﬁrst important research for microcombs was reported in 2007 by Max-Planck-Institute for
Quantum Optics (MPQ) [5], which discovered that cascaded FWM inside a microresonator has
the potential to generate broadband and equally spaced comb lines in the frequency domain.
Hence microcombs have been expected for novel optical frequency comb sources that have mode
4
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Fig. 1.3: (a) Illustration of the microcomb generation system with a dielectric microresonator
driven by a CW laser through an external waveguide. The CW laser is converted to the
microcomb via FWM with a low threshold thanks to its high-Q and small mode volume. When
the relative phases between the comb lines are zero, the output light becomes a soliton pulse
train. (b) Schematic of a conventional mode-locked laser, which consists of a resonator, a
saturable absorber, a gain medium, and a pump laser. The pump laser excites the gain medium,
which emits light in multiple frequencies. (c) Schematic of a microcomb laser, which consists
of a dielectric microresonator and a pump laser. The comb is converted from the CW pump
laser, which works as a gain supplier and is a component of the comb spectrum.
spacings over 10 GHz. To achieve the larger mode spacing is diﬃcult with conventional pulse
sources. However, at that time, the generated microcombs were not pulsed in the time domain.
Against the problem, an optical temporal cavity soliton, which was ﬁrst demonstrated in a ﬁber
cavity [38], plays important roles for microcomb formation and achieving soliton microcombs
(pulse generation). In 2013, soliton microcomb was demonstrated in a MgF2 microresonator by
Swiss Federal Institute of Technology in Lausanne (EPFL) [39], which provides sech2-shaped
spectral envelope in the frequency domain and picoseconds order pulses in the time domain.
To date, soliton microcomb generation [7, 40, 41] has been demonstrated in many platforms
such as silica disk [42], silica rod [43], Si3N4 ring [44–46], AlN ring [47], and ﬁber-based
Fabry-Pérot [31] microresonators.
As explained in §1.2, the carrier-envelope oﬀset frequency in a frequency comb is stabilized
by using a self-referencing technique with an octave-spanning comb. In microcomb sources,
there are two approaches to obtain an octave-spanning comb. One approach is to generate
coherent octave-spanning comb directly in a microresonator, which was demonstrated with
a Si3N4 ring microresonator [48]. However, the octave-spanning comb generation typically
requires a microresonator with a large mode spacing around 1 THz, which is not possible to
measure using a photodetector. The other approach is to broaden the bandwidth of a microcomb
outside by using a high nonlinearity ﬁber. The outside broadening was demonstrated with a
silica disk microresonator with a 16.4 GHz cavity FSR [49]. In this previous research, the
repetition and the carrier-envelope oﬀset frequencies were both detected and stabilized. In the
past two years or so, demonstrations of microcomb applications have been reported, which are
5
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introduced in §1.3.3.
1.3.3 Microcomb applications
Optical communications
Technologies of wavelength division multiplexing (WDM) in coherent optical communications
have been developed to meet demands for the large transmission capacity. Since, for long-haul
communications, data channels need to locate within the wavelength range of optical ampliﬁers,
WDM systems require small channel spacings that are typically from 10 to 100 GHz. Although
distributed feedback (DFB) laser arrays are commonly used to generate the optical carriers, this
system suﬀers from the channel frequency drift and the spectral overlap of neighboring channels.
Therefore, all channel frequencies need to be controlled with individual heaters that make the
system complex and costly. By using only a microresonator and a pump laser, microcombs
can provide optical carriers for many channels that have the mode spacing of tens GHz. The
microcomb system makes it easy to keep the channel spacings because the channel frequencies
are determined by the microresonator resonances. Recently, the WDM data transmission system
with bright soliton microcombs has been demonstrated by using Si3N4 ring microresonators
and achieved the data rates of tens terabits per second [50]. Also, dark pulse microcombs have
been used for WDM systems with Si3N4 ring microresonators that have normal dispersion [51].
Since dark pulse microcombs achieve high conversion eﬃciency, the system can provide high
transmitted signal-to-noise ratios while using a pump power level of hybrid silicon lasers. In
addition, it has been reported that WDM systems consist of Turing pattern microcombs (the
comb state is explained in Chapter 3), which are generated with MgF2 microresonators and
robust against frequency and amplitude noise of the pump laser [52].
Spectroscopy and imaging
Conventional Fourier-transform spectroscopy, which consists of aMichelson-type interferometer
with a movable mirror, is a powerful tool to measure absorption spectra of solids, liquids, and
gases. The commercial instruments for molecular spectroscopy are widely used in industry and
research ﬁelds. However, their applications are restricted only to monitoring slow phenomena
because the scan rate is limited to a few hertz by the mechanical motion of the scanning mirror.
To overcome this limitation, dual-comb spectroscopy was proposed, which replaces a movable
mirror to an additional frequency comb laser [53, 54]. This replacement improves the scan
rate by several orders of magnitude. In a dual-comb system, the resolution and the scan rate
are determined by the pulse repetition frequency and the diﬀerence between the repetition
frequencies. Since microcombs have high repetition frequencies, microcomb systems provide
low resolution but a very fast scan rate (the higher repetition frequency permits the larger
diﬀerence between the repetition frequencies). Such systems are compatible with spectroscopy
for solids and liquids that have broad linewidths in absorption spectra. Some demonstrations
of dual-comb spectroscopy with microcombs have been reported using silica disk [55], Si3N4
ring [56], and silicon ring [57] microresonators. Also, the demonstration of dual-comb imaging
with microcombs has been reported using silica disk microresonators [58].
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LiDAR
Light detection and ranging (LiDAR) is a technology to measure distances to targets, which
has the advantages of high precision, long ranges, and fast scan rate. LiDAR systems can be
applied to many industrial and scientiﬁc ﬁelds such as autonomous driving, industrial sensing,
drone navigation, and meteorological observations. There are some approaches to providing
LiDAR systems, such as utilizing an interferometer with lasers in multiple wavelengths, an
electro-optically modulated CW laser, and a dual-comb laser [59]. Microcombs have the
potential to realize dual-comb laser sources for LiDAR systems that have advantages including
a compact size, low cost, and fast scan rates. As with dual-comb spectroscopy, the scan rate is
determined by the diﬀerence of the repetition frequencies in two soliton microcombs. Recently,
demonstrations of LiDAR with microcombs have been reported using silica disk [60] and Si3N4
ring [61] microresonators.
Astrocombs
Astronomical spectroscopy needs stable and accurate wavelength references to calibrate the
radial velocity Doppler shift, which is obtained from stellar spectra, in the precision of 10 cm/s
or smaller [62]. The conventional calibration method uses emission lines of hollow-cathode
gas lamps. However, the irregular line spacings and drifts limit the detection in current spec-
trographs. Recently, optical frequency combs have been studied and adopted to the calibration
source owing to their stability, accuracy, and broad bandwidth. However, conventional frequency
comb sources consisting of Ti:sapphire and ﬁber lasers have too dense mode spacings, which are
typically below 10 GHz, for spectrographs. Therefore, several stages of Fabry-Pérot cavities are
required to ﬁlter out unnecessary comb lines, whose complexity and imperfect ﬁltering induce
measurement errors. Here, microcombs have the potential to provide calibration sources that
have mode spacings of tens GHz and cover broad bandwidth from 380 nm to 2.4 μm. The
microcomb-based calibration of spectrographs has been reported using a silica disk [63] and a
Si3N4 ring [64] microresonators.
Optical frequency synthesizers
Optical frequency synthesizers can generate a coherent CW laser whose frequency is stabilized
to an optical frequency comb [65]. The accuracy and wide range tunability help a lot of
applications including frequency metrology and molecular spectroscopy. However, the size
of optical frequency synthesizers is large because the frequency comb source occupies a large
volume and requires complex experimental setup (e.g. a laser cavity and an f -2 f interferometer).
Recently, optical frequency synthesizers towards on-chip integration have been developed with
growing technologies of heterogeneously integrated photonics. A recent report utilized two
microcombs, which were generated from two microresonators, to realize a reference comb
whose repetition and carrier-envelope oﬀset frequencies were stabilized [66]. The Si3N4 ring
microresonator generated an octave-spanning microcomb that has the mode spacings of 1 THz.
The silica disk microresonator generated a microcomb that has the mode spacing of 22 GHz.
The octave-spanning microcomb is launched to a waveguide periodically poled lithium niobate
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(PPLN) device in order to generate SHG for the detection of the carrier-envelope oﬀset frequency.
The 22 GHzmicrocomb ﬁlled the gaps between the 1 THzmode spacings to link the neighboring
lines because 1 THz mode spacing is too large to detect the beatnote signal directly. In the future,
it is expected that fully integrated optical frequency synthesizers for generating CW and also
pulse lasers will be realized.
Microwave oscillators
Photonic microwave oscillators have the advantages of large bandwidth, large tunability, low
transmission loss, and high reconﬁguration [67]. Since microwave signals can be transformed
from laser light in multiple frequencies by using a fast photodetector, frequency combs can
generate low noise microwave signals thanks to their equally spaced comb lines [68]. However,
such microwave oscillators with frequency combs are typically large in volume and high power
consumption. Against the problems, microresonator-based microwave oscillators have been
studied due to their potential for small and low power consumption devices. The laser light in
multiple frequencies is generated inside a microresonator via nonlinear processes such as FWM,
stimulated Raman scattering (SRS), and stimulated Brillouin scattering (SBS) [69–72]. The
oscillation frequency is in the range up to tens of GHz . In this previous research, the microcomb,
which is generated from a MgF2 microresonator via FWM, can provide a very pure microwave
signal with the phase noises of −60 dBc/Hz at 10 Hz, −90 dBc/Hz at 100 Hz, and −170 dBc/Hz
at 10 MHz [69]. The phase noises of microwave signals depend on many parameters such as the
thermal stability, pump intensity noise, and pump detuning.
Integration of microcomb sources
One challenge of practical microcomb applications is to integrate a microresonator and other
optical devices including a pump laser and an optical input/output coupler. On-chip microres-
onators (e.g. Si3N4 rings) are compatible with the integration owing to the simultaneous
fabrication of a microresonator and a coupling waveguide. In addition, it has the potential for
full integration, including with pump lasers, thermal heaters, high nonlinearity waveguides,
photodetectors, and other devices [66,73,74]. However, on-chip microresonators typically have
lower Q factors that require high intense pumping to generate soliton microcombs. This problem
inhibits the integration because integrable pump lasers can launch at only tens of milliwatts.
On the other hand, integration of a whispering-gallery mode microresonator and a coupling
waveguide (e.g. prisms and tapered ﬁbers) has also been reported. Although whispering-gallery
mode microresonators are not suitable for mass production, commercial optical devices with a
prism-coupled microresonator already exist. This device is not microcomb sources but narrow
linewidth lasers and optoelectronic oscillators [75].
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1.4 Related researches into eﬀects of optical nonlinearities on
microcombs
Since a microcomb is generated with strong pumping to a high-Q microresonator, other optical
nonlinear eﬀects simultaneously cause in the microresonator [76]. The nonlinear eﬀects can
be used to manipulate the microcomb properties and formation, or sometimes disturb the
stability and mutual coherence of microcombs. Hence, to reveal the inﬂuences of the optical
nonlinearities helps to achieve stable microcomb sources whose parameters are well controlled.
The three following sections introduce previous researches of eﬀects of optical nonlinearities on
microcombs, which are related to this thesis.
1.4.1 Cavity optomechanics
Cavity optomechanics is the phenomenon that involves interaction between light and mechanical
motion through radiation pressure [13, 14, 77]. The radiation pressure is caused by pushing the
microresonator’s boundary with the high intense light. In a microresonator, a blue-detuned
pumping (the pump has higher frequency than the resonance) drives optomechanical parametric
oscillations (OMPOs), which modulates the resonance frequency and changes the comb line
frequencies. The threshold power for OMPO becomes lower when the oscillation frequency and
optical cavity decay rate are close value, for example, in a silica toroid [78] and a calcium ﬂuoride
(CaF2) [79] microresonator. In such a microresonator system, OMPOs can still be present on
microcomb generation and induce frequency noises whose frequency extends to 10 MHz [80].
There are few research on relation between microcomb and cavity optomechanics, which is
important for suppression of frequency noises in microcombs, except for a study on temporal
behavior of OMPO under microcomb generation [81]. In many previous studies of cavity
optomechanics using a toroid microresonator, the oscillation modes were excited with a low
pump power that was much smaller than the threshold power for FWM. Although the cavity
optomechanical behavior in microcomb generation has been reported [81], it has not been well
understood. The strong pump light generates a microcomb inside the microresonator, which
leads to multi-optomechanical coupling with the resonances.
1.4.2 Stimulated Raman scattering
Stimulated Raman scattering (SRS) is an optical nonlinear process that can generate red-shifted
light frompump light via the interaction between light andmolecular vibrations. SRS can provide
lasing action and optical ampliﬁcation using very high intense pump. Therefore, previous works
relied on pulse excitation for Raman lasing [82–84]. On the other hand, optical microresonators
with a high-Q and a small mode volume enables us to demonstrate low threshold lasing with
CW pumping. Indeed, the microresonator-based Raman lasing with a CW pump has been
reported using silica [85–90], silicon [91, 92], ﬂuoride materials [71, 93, 94], and even other
materials [95–98].
Since dielectric materials for microresonators (e.g. silica, MgF2, and Si3N4) typically have
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broader Raman gain than the cavity FSR, Raman scattering strongly inﬂuences on microcomb
properties and is sometimes used for microcomb generation. The inﬂuences of Raman scattering
on microcombs have been studied, including spectrum broadening [99,100], self-frequency shift
of a soliton [101,102], trigger for FWM generation [103], gain competition between modulation
instability andRaman [104,105], and comb generation via SRS [71,89,90,94,106]. In particular,
comb generation via SRS (Raman comb) has much diﬀerent approach from that via FWM and
has unique properties including the operationwavelength (e.g. in visible wavelength) andmutual
coherence between the comb lines (Fig. 1.4).
Recently, a phase-locked Raman comb was demonstrated using a crystalline microresonator
in the weak normal dispersion regime [71, 94]. Even a soliton Raman comb is demonstrated
in a silica disk microresonator at the anomalous dispersion regime, by transferring a FWM
comb to a long wavelength regime via Raman processes [90]. Although microresonator-based
FWM combs usually require anomalous dispersion, Raman combs have an advantage that can
be generated in the normal dispersion because SRS occurs regardless of the dispersion. Phase-
locked Raman combs can be used for applications such as compact pulse laser sources, sensors,
optical clocks, and coherence tomography. Despite these various potential applications, methods
how to control the operation wavelength have not been well studied.
Microcomb formation via FWM
Microcomb formation via SRS
1.Center of microcomb = Pump
2.Phase matching condition is required (coherent)
1.Center of microcomb ≠ Pump
2.Phase matching condition is NOT required (incoherent)
Fig. 1.4: Illustrations of microcomb formation via FWM and SRS. A Rama comb forms in a
microresonator induced by broadband Raman gain spectrum of the host material that covers
multiple resonance modes. Since FWM needs to satisfy with a phase matching condition, a
microcomb via FWM can be mutually coherent. On the other hand, basically, a microcomb
via SRS is mutually incoherent because SRS does not require a phase matching condition.
However, in some previous researches, coherent Raman comb generation has been reported in a
microresonator.
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Optical frequency
Optical frequency
Radio frequency
Comb2
Comb1
Beatnote
Photodetector
Fig. 1.5: Dual-comb in the terahertz scale and comb-like beatnote in the megahertz scale. Two
combs with slightly diﬀerent repetition frequencies are down-converted to the beatnote signal
by detecting with a photodetector. The beatnote is useful to monitor the absorption and other
variations through the dual-comb light. This is because each comb line in the terahertz scale
corresponds to the each beatnote line in the megahertz scale, that is compatible with electrical
equipments.
1.4.3 Cross-phase modulation between dual-comb
Optical frequency comb sources (and also optical pulses sources) have pulse trains in the
time domain and broadband spectrum in the frequency domain. The paired comb source having
slightly diﬀerent repetition frequencies, that is known as dual-comb, can provide advantages such
as high resolution, high sensitivity, and high data acquisition speed in optical spectroscopy and
ranging. For example, the scan rate of a dual-comb spectrometer is several orders of magnitude
faster than that of a Fourier transform spectrometer using a Michelson interferometer. This
is because the second comb in a dual-comb system works as a reference and scan the delay
automatically, instead of mechanically scanning the mirror in a Michelson interferometer. In
the frequency domain, two combs in the terahertz scale can be down-converted to comb-like
beatnote signal in the megahertz scale by detecting with a photodetector as shown in Fig. 1.5.
In a dual-comb system, which utilizes two types of optical pulse trains with slightly diﬀerent
repetition frequencies, microcomb platforms can achieve fast scan rates for spectroscopy [55,57]
and LiDAR [60, 61]. This is because a dual-comb system with optical pulse trains at high
repetition frequencies can allow the large diﬀerence between the repetition frequencies, which
corresponds to the scan rate in measurement systems, with low noise. Hence the key parameter
is the repetition frequency of each soliton microcomb in the time domain, which corresponds to
the mode spacing between comb lines in the frequency domain.
Recently, dual-comb generation in a single microresonator attracts much attention [55, 57,
61, 107–112] for dual-comb applications including spectroscopy and LiDAR. An experimental
demonstration of dual-comb solitons in a single microresonator has been realized by utilizing
clockwise and counter-clockwise directions [90] and spatially diﬀerent transverse modes [111].
However, it is still challenging to generate dual-comb solitons because the two propagating
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solitons interact and result in modulation of repetition frequencies through cross-phase modu-
lation (XPM). XPM is one of Kerr eﬀects and modulates the phase of one light with another
light. In addition, although a theoretical model that takes account of XPM and the diﬀerence
between repetition frequencies has been developed [108], the results of simulation and analysis
for dual-comb solitons have not been well considered.
1.5 Motivation and chapter overview
A microcomb is formed inside a microresonator via FWM, which is driven by a CW pump
laser. However, besides the FWM processes, other eﬀects of optical nonlinearities occur owing
to strong light-matter interactions in the dielectric microresonator. These eﬀects sometimes
help or disturb to generate a microcomb, and also change the properties including the repetition
frequency, bandwidth, and coherence. In this thesis, the author studies the eﬀects of cavity
optomechanics, SRS, and XPM on microcombs. These understandings help to generate micro-
combs that have controlled-properties such as noises, operation wavelengths, spectral envelope
shapes, and repetition frequencies.
This thesis consists of seven chapters and is organized as follows:
Chapter 1 introduces the background to microresonators and microcombs to clarify the
motivation behind this thesis. The basic generation scheme, previous researches, andmicrocomb
applications are introduced. In addition, the related researches of eﬀects of optical nonlinearities
on microcombs are introduced.
Chapter 2 explains microresonator characteristics to make it easier to understand this thesis.
The contents are basic theory ofmicroresonators, optical coupling systems, fabrication processes
of microresonators and tapered ﬁbers, developed measurement methods for Q factors and cavity
dispersions, and optical nonlinear processes in microresonators.
Chapter 3 explains the basic theory and measurement data of microcombs. The theory
mainly deals with a Lugiato-Lefever equation (LLE), which can calculate microcomb formation
inside a microresonator and provide an approximate analytical solution for a dissipative Kerr
soliton. The measurement data includes microcomb spectra generated in three platforms (silica
toroid, silica rod, and polished magnesium ﬂuoride microresonators) and optical transmission
with soliton steps while scanning the pump frequency.
Chapter 4 describes a study of cavity optomechanical behaviors on microcomb generation
and demonstrates that it is possible to suppress cavity optomechanical parametric oscillations
with the generation of a Turing pattern comb (microcomb) in an anomalous dispersion toroidal
microresonator.
Chapter 5 describes a study of Raman comb generation in a silica rod microresoator that
has a cavity FSR in a microwave rate. The center wavelength is controlled via detuning and
coupling optimizations. This study provides the explanation of the formation dynamics, of
which understanding is needed to generate smooth and phase-locked Raman combs.
Chapter 6 is a numerical study of dual-comb generation and soliton trapping in a single
microresonator, whose two transverse modes are excited with orthogonally polarized dual-
pumping. The simulation model is described by using coupled LLEs, which take account of
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XPM and the diﬀerence in repetition frequencies.
Chapter 7 summarizes the content of each chapter and discusses future work and the outlook
for microcomb research.
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Chapter 2
Optical microresonators
This chapter explains microresonator characteristics to make it easier to understand this thesis.
The contents are basic theory ofmicroresonators, optical coupling systems, fabrication processes
of microresonators and tapered ﬁbers, developed measurement methods for Q factors and cavity
dispersions, and optical nonlinear processes in microresonators.
2.1 Microresonator characteristics
2.1.1 Basic microresonator parameters
Resonance frequencies
Optical resonators have the discrete resonance frequency ωm, which is related to the optical
cavity length nL. m is the mode number (m ∈ N), n is the eﬀective refractive index, and L is
the cavity length. The internal electric ﬁeld E(z, t) is written as
E(z, t) = E0 exp{i(kz − ωmt)} , (2.1)
where E0 is the amplitude and k is the propagation constant. Since the phase of resonant light
shifts 2πm per roundtrip (kL = 2πm), the resonance wavelength λm and angular frequency ωm
satisfy the following equations:
λm =
nL
m
, (2.2)
ωm =
2πmc
nL
. (2.3)
Here c is the speed of light. In the case of no dispersion (i. e. the eﬀective refractive index
does not depend on the frequency), the resonance frequencies have an equal mode spacing D1
(in units of rad·Hz) as follows: ωm = mD1. The cavity FSR is inverse to the roundtrip time as
t−1r = D1/2π and the optical cavity length has the relation to the roundtrip time as ctr = nL. The
series of the resonance modes are known as transverse mode or mode family, and have the same
mode proﬁle and the polarization.
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Cavity dispersion
The cavity dispersion is a parameter to represent that the eﬀective refractive index depends on
the frequency, the resonance mode proﬁle, and the polarization in a microresonator. Hence,
cavity dispersion is determined by the material and geometrical dispersions. The material
dispersion follows a Sellmeier equation that determines the refractive index in the medium. The
geometrical dispersion can be controlled by changing the microresonator structure because the
mode proﬁles have diﬀerent occupancies of optical intensity inside the medium. For example,
a large amount of evanescent ﬁelds outside the microresonator leads to less eﬀective refractive
index.
As explained above, resonance frequencies have equal mode spacings when not taking
account of cavity dispersion. However, cavity dispersion changes the mode spacings depending
on the frequency. The resonance frequencies can be expressed with a relative mode number μ
(μ ∈ Z) that is obtained from the absolute mode number m. The center mode number is deﬁned
as μ = 0, which corresponds to the pump mode for microcomb generation. The resonance
angular frequency ωμ and the frequency fμ are written with Taylor-expanded equations:
ωμ = ω0 + D1μ + 12D2μ
2 + 16D3μ
3 + · · ·
= ω0 + D1μ + Dint(μ) , (2.4)
fμ = f0 + d1μ + 12d2μ
2 + 16d3μ
3 + · · ·
= f0 + d1μ + dint(μ) . (2.5)
Figure 2.1 is an illustration to explain Eq. (2.4). D1 is the cavity FSR that means light in the
frequency ω0 circulates in the microresonator at the roundtrip time tr = (D1/2π)−1. D2 and D3
represent second and third order dispersion, respectively. Dint includes all dispersion terms. The
higher order dispersion can be neglected in many cases because of the relation: D2D3 · · · .
The important point for microcomb generation is the sign of D2, where D2 > 0 (D2 < 0) denotes
anomalous (normal) dispersion.
In many optical ﬁber researches, dispersion is expressed with group velocity dispersions (β2
ܦଵ ܦଵܦଵܦଵ
߱଴ ߱ଵ ߱ଶ߱ିଵ߱ିଶ
1
2ܦଶߤ
ଶ + ⋯ 12ܦଶߤ
ଶ + ⋯12ܦଶߤ
ଶ + ⋯12ܦଶߤ
ଶ + ⋯
ߤ = −1ߤ = −2 ߤ = 0 ߤ = 1 ߤ = 2
ܦଶ > 0 : Anomalous dispersion 
ܦଶ < 0 : Normal dispersion
߱
ఓ߱ = ߱଴ + ܦଵߤ +
1
2ܦଶߤ
ଶ + ⋯
Resonance
Fig. 2.1: Resonance frequencies taking cavity dispersion into account. This ﬁgure summarizes
Eq. (2.4). Gray Lorentzian shapes represent resonance modes whose positions are diﬀerent from
black dashed lines (that have equal spacings) due to the cavity dispersion.
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and β3), which are related to D1 and D2 values:
β2 = −nD2
cD21
, (2.6)
β3 =
3nD22
cD41
− nD3
cD31
≈ − nD3
cD31
. (2.7)
Cavity dispersion is a critical parameter in microcomb research for the initial comb genera-
tion, comb bandwidth, and mode-locking. The methods of measurement and calculation are
introduced in §2.4.
Cavity decay rate and quality factor
The performance of each resonance mode is expressed with a cavity decay rate κ, which
is related to an intrinsic decay rate κi and a coupling rate to the external waveguide κc as
follows: κ = κi + κc. The intrinsic decay rate includes loss factors including scattering at
the microresonator surface, absorption and scattering inside the material, and the radiation at
the bending points. The coupling eﬃciency is determined by the relation between the intrinsic
decay rate and the coupling rate (the detail is explained in §2.1.2). The intracavity optical energy
Ucav(t) decays exponentially:
Ucav(t) = Ucav(0) exp(−κt) . (2.8)
In general, the performance of a resonator is expressed with a quality factor (Q factor) Q and a
ﬁnesse F . A Q factor is deﬁned as
Q = 2π
(Intracavity optical energy)
(Energy loss per optical cycle) = 2π
Ucav(t)
−Ucav(t)dt 2πω0
=
ω0
κ
. (2.9)
Hence a Q factor can be determined by the cavity decay rate κ in the time domain, which
corresponds to the full width at halfmaximum (linewidth) of the resonancemode in the frequency
domain. The shape of a resonance mode is a Lorentzian function, which is explained in §2.1.2.
The photon lifetime τcav is deﬁned as τcav = κ−1, which can be evaluated by the decay of output
power from a microersonator in the time domain. The ﬁnesse is deﬁned as F = D1/κ, where
F  1 denotes that each resonance mode can be distinguished.
Eﬀective mode area
One advantage of microresonator platforms is to conﬁne light in the small area and volume. The
eﬀective mode area Aeﬀ is determined by a resonant mode proﬁle:
Aeﬀ =
(
∬
|E |2dA)2∬
|E |4dA , (2.10)
where |E |2 corresponds to the optical intensity. The eﬀective mode volumeVeﬀ can be expressed
as Veﬀ = AeﬀL.
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2.1.2 Optical coupling to microresonators
?????? ???????
?????
Microresonator
Waveguide
??
??
Fig. 2.2: Optical coupling system between a microresonator and a coupling waveguide. a0(t) is
the intracavity ﬁeld, sin(t) and sout(t) are the input and output ﬁelds, respectively. κi and κc are
the intrinsic decay and coupling rates, respectively.
Optical input and output between a microresonator and a coupling waveguide are performed
through an evanescent ﬁeld. The typical couplingwaveguides are optical tapered ﬁbers, pigtailed
ﬁbers, prisms, and on-chip waveguides. A coupled mode equation for single resonance mode is
written with a light ﬁeld A0(t), which is normalized as that |A0(t)|2 corresponds to the number
of intracavity photons at the resonance frequency ω0 as
dA0(t)
dt
= − κ
2
A0(t) − iω0A0(t) +
√
κcsin(t) exp(−iωpt) , (2.11)
where sin(t) is the input ﬁeld to the waveguide and ωp is the pump frequency. Then, the phase
transformation is applied as a0(t) = A0(t) exp(iωpt) that can rewrite Eq. (2.11) to
da0(t)
dt
= − κ
2
a0(t) + i(ωp − ω0)a0(t) +
√
κcsin(t) . (2.12)
In addition, the output ﬁeld sout(t) is given by
sout(t) =
√
κca0(t) − sin(t) . (2.13)
For the stationary-state analysis, the left-hand side in Eq. (2.12) is set to zero and a0(t), sin(t),
and sout(t) in Eqs. (2.12) and (2.13) are regarded as time independent. Equations (2.12) can be
transformed to
a0 =
√
κc
1
2 κ − iΔω0
sin , (2.14)
|a0 |2 = κc1
4 κ
2 + Δω20
|sin |2 , (2.15)
where Δω0 = ωp − ω0. Equations (2.14) and (2.15) represent the relation between the in-
tracavity and input ﬁelds. Since |a0 |2 corresponds to the number of photon stored inside the
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(a) (b)
Fig. 2.3: Calculation results with Eq. (2.15). (a) Transmission of resonance modes as a function
of a coupling parameter. κc/κi = 1 represents a critical coupling condition. (b) Normalized
resonance linewidth (blue) and minimum transmission (green) as a function of a coupling
parameter.
microresonator, the intracavity optical power Pcav can be obtained from Eq. (2.15). Also, the
optical power in the coupling waveguide (Pin and Pout) can be obtained from |sin |2 and |sout |2
that correspond to the number of photons passing the waveguide per second.
Pcav = ωp |a0 |2 × (D1/2π) , (2.16)
Pin(out) = ωp |sin(out) |2 , (2.17)
where  is the Planck constant devided by 2π. In experiments, microresonators are evaluated
by monitoring the relation between input and output ﬁelds, which provides parameters of the
cavity linewidth, transmission, and phase response:
sout
sin
=
1
2 (κc − κi) + iΔω0
1
2 (κc + κi) − iΔω0
=
1
2 ( κcκi − 1) + i
Δω0
κi
1
2 ( κcκi + 1) − i
Δω0
κi
, (2.18)
 soutsin

2
=
1
4 (κc − κi)2 + Δω20
1
4 (κc + κi)2 + Δω20
=
1
4 ( κcκi − 1)2 + (
Δω0
κi
)2
1
4 ( κcκi + 1)2 + (
Δω0
κi
)2
. (2.19)
In this thesis, I use the coupling parameters η and K that are deﬁned as η = κc/κ and K = κc/κi,
respectively. The optical coupling is distinguished in three conditions: under (K < 1, η < 0.5),
critical (K = 1, η = 0.5), and over (K > 1, η > 0.5) coupling conditions. The transmission
of a resonance is described by Eq. (2.18), whose calculation examples are shown in Fig. 2.3.
As shown in Eq. (2.18) and Fig. 2.3, the transmission has a Lorentzian function, which can be
transformed from an exponential function by using Fourier transformation. By considering the
build-up eﬃciency, critical coupling is an ideal condition, which can be optimized by controlling
the coupling rate κc. Figure 2.4 shows transmission (blue) and phase (red) of a resonance mode
in three coupling conditions (under, critical, and over coupling).
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κc/κi = 0.5 (under coupling) κc/κi = 1 (critical coupling) κc/κi = 2 (over coupling)
Fig. 2.4: Calculation results with Eqs. (2.14) and (2.15) in three diﬀerent coupling conditions.
The blue and red lines represent the transmission and the phase, respectively.
2.2 Fabrication of microresonators used in this thesis
In this thesis, I use three types of microersonators to generate microcombs: silica toroid,
silica rod, and polished MgF2 microresonators. This section explains the fabrication processes.
Table 2.1 introduces the material properties of silica, MgF2, and other commonly used optical
materials.
2.2.1 Silica toroid microresonators
Silica toroid microresonators were developed in 2003 by California Institute of Technology
(Caltech) [17] and used to demonstrate equally spaced microcomb generation in the ﬁrst impor-
tant report in 2007 by Max-Planck-Institute for Quantum Optics (MPQ) [5]. The advantages
of a toroid microresonator are on-chip fabrication, a high-Q (~100 million), and a small mode
volume. Carbon dioxide (CO2) laser reﬂow processes make the smooth toroidal surface that
reduces scattering losses and achieves a high-Q.
Figure 2.5 shows the fabrication processes of a toroid microresonator, including photolithog-
raphy, silicon etching with xenon diﬂuoride (XeF2), and CO2 laser reﬂow. First, (a) a silicon
wafer with an silica layer of 2 μm thickness is prepared. Second, (b) photolithography and silica
etching with a buﬀered hydrogen ﬂuoride (HF) forms circular silica disks on the silicon wafer.
The reaction is expressed as SiO2 + 6HF H2SiF6 + 2H2O. The silica disk have diameters that
are typically from 50 to 200 μm. Third, (c) silicon etching with XeF2 forms the structure of a
Table. 2.1: Microresonator material properties [113–115].
Fused SiO2 MgF2 CaF2 Si3N4
n 1.44 1.38 (e), 1.37 (o) 1.43 1.98
n2 [×10−20 m2/W] 2.2 0.9 1.9 25
(1/L)dL/dT [×10−6 /K] 0.55 13.6 (e), 9.4 (o) 18.9 2.1 (e), 1.1 (o)
(1/n)dn/dT [×10−6 /K] 7.3 0.25 (e), 0.6 (o) -8.0 30
Transparent wavelength [μm] 0.3-2.6 0.13-8.0 0.15-8.5 0.40-7.5
Typical microresonator Q 107-108 108-109 108-109 106-107
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silica disk on a silicon pillar, which can conﬁne light in a whispering-gallery mode at the edge
of the silica disk. This reaction follows 2XeF2 + Si 2Xe+SiF4. Optimizing the ratio between
diameters of the silica disk and the silicon pillar is a key to achieve a high-Q after forming the
toroidal shape. Finally, (d) the CO2 laser beam that is exposed to the silica disk from the top
can melt only the edge of the silica disk because the silicon pillar works as a heat sink. The
laser reﬂow process forms the toroidal shape that has a smooth surface. Typically, the Q factor
improves from hundreds thousand in a disk to tens million in a toroid.
Si
SiO2(a) (b) (c) (d)
Photolithography Laser reflowSilicon etching
SEM images
Optical microscope
images
50 μm50 μm
Fig. 2.5: Fabrication processes of a silica toroid microresonator. Optical microscope and
scanning electron microscope (SEM) images are shown for each fabrication step. (a) Silicon
wafer with a silica layer of 2 μm thickness. (b) Circular silica disk on the silicon wafer. (c)
Circular silica disk on a silicon pillar. (d) Silica toroid microresonator, whose toroidal shape is
formed at the edge of the silica disk by using a CO2 laser reﬂow process.
50 μm 50 μm
Fig. 2.6: SEM images of silica toroid and disk microresonators.
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2.2.2 Silica rod microresonators
Silica rod microresonators were developed in 2013 by National Institute of Standards and
Technology (NIST) [116], which have the advantage of high-Q achievability (over 100 million),
easy fabrication processes, and a wide range of cavity FSR that covers from a few to hundreds
of gigahertz.
Figure 2.7 shows the fabrication processes of a silica rod microresonator. First, (a) a silica
rod containing low OH (<10 ppm) and other impurities is prepared and mounted on an air
spindle. Second, (b) a CO2 laser beam is focused on the silica rod surface with a zinc-selenide
lens (50 mm focal length) while the silica rod rotates. By scanning the focusing position along to
the rod axis, a diameter of the microresonator can be controlled by melting the material. Finally,
(c) the CO2 laser beam is focused on the two positions of the silica rod and forms the resonator
shape as shown in Fig. 2.7(d). In the steps of (b) and (c), becoming clouded in silica should be
avoided because it reduces the Q. The clouded silica can be observed at other than the resonator
part in Fig. 2.7.
(a) (b) (c)
ZnSe
lens
Rotation
Silica rod
CO2 laser 
beam
(d)
Fig. 2.7: Fabrication processes of a silica rod microresonator. (a) Silica rod is mounted and
rotated on an air spindle. (b) CO2 laser beam is focused on the surface of the silica rod. The
focus position is scanned to melt the silica and control the diameter. (c) Microresonator structure
is formed by focusing the laser beam at two positions. (d) Optical microscope image of a silica
rod microresonator.
2.2.3 Polished magnesium ﬂuoride microresonators
Polished magnesium ﬂuoride (MgF2) microresonators are ultrahigh-Q microresonators, which
were used to demonstrate soliton microcomb generation in the ﬁrst important report by EPFL
[39]. This microresonator has the advantages of ultrahigh-Q (~1 billion) and high thermal
stability thanks to its small thermo-optic coeﬃcient. On the other hand, it is diﬃcult to fabricate
microresonators with a small diameter because of hand-cutting and polishing processes.
Figure 2.8 shows the fabricated MgF2 microresonators that have diameters of 3.95 mm (left)
and 4.17 mm (right)1. The fabrication processes follow three steps. First, a cylindrical base
material of a few mm diameter is cut out from a bulk material (e.g. commercial MgF2 lenses).
1 The MgF2 microresonators used in this thesis were fabricated by M. Fuchida and A. Kubota. The images in
Fig. 2.8 are provided by A. Kubota.
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The basematerial is glued to ametal post andmounted on an air spindle. Second, the rotated base
material is roughly shaped to the microresonator structure by grinding with a diamond turning.
Third, the smooth microresonator surface is created by polishing with diamond particles while
decreasing the particle sizes (3, 1, 0.25, and 0.05 μm), which can lead to a ultrahigh-Q.
1 mm1 mm
Fig. 2.8: Optical microscope images of polished MgF2 microresonators.
2.3 Tapered ﬁber coupling and quality factor measurement
Whispering-gallery modes can be excited through an evanescent ﬁeld by using an external
waveguide such as an optical tapered ﬁber, a pigtailed ﬁber, and a prism. In this thesis, a
tapered ﬁber was used to couple light into silica toroid, silica rod, and MgF2 microresonators.
The tapered ﬁber coupling has the advantages of high coupling eﬃciency (over 99 %), almost
lossless propagation in the tapered ﬁber, and a lot of ﬂexibility of the coupling position controlled
by using a three-axis stage.
2.3.1 Fabrication of tapered ﬁbers
A tapered ﬁber is fabricated by heating and stretching a commercial single-mode optical ﬁber.
The smallest part of the tapered ﬁber has a diameter of around 1 μm (a single-mode ﬁber has the
clad diameter of 125 μm), which is the same order as the laser wavelength (~1.55 μm) to present
an evanescent ﬁeld outside the ﬁber.
Figure 2.9(a) shows the fabrication setup where a single-mode ﬁber is heated with a gas torch
on two one-axis automatic positioning stages. The gas torch employs oxygen (O2) and propane
(C3H8) gases to burn. The heating position on the ﬁber is repeatedly scanned while pulling the
ﬁber at the speed of 140 μm/s.
Figure 2.9(b) shows the transmission of an input laser while pulling the optical ﬁber. Typi-
cally, more than 95%of transmission in the fabricated tapered ﬁber can be achieved by optimizing
the positions of the ﬁber, torch, and two stages that hold the ﬁber. The oscillation amplitude de-
pends on the propagation mode at the thinnest point of the ﬁber, as described in Fig. 2.9. Hence,
pulling the ﬁber can be stopped when the ﬁber diameter becomes around 1 μm by monitoring
the oscillation amplitude. While pulling the ﬁber, there are three propagation modes. First, the
propagation mode is supported by the total internal reﬂection between the core and clad of an
optical ﬁber, which is the general scheme to conﬁne light in a commercial single-mode ﬁber.
23
Chapter 2. Optical microresonators
Second, heating and stretching crush the core that changes to the mode conﬁned between the clad
and air. In this condition, the propagation mode proﬁles (in a multi-mode) continuously change
during pulling the ﬁber, that causes the transmission oscillation. Finally, since the number of
propagation modes becomes one (in a single-mode), the transmission oscillation is suppressed.
The diameter can be calculated with the V number (Vnum) because the propagation mode is
supported in a step-index ﬁber structure (between the core and air). The V number is expressed
as
Vnum =
πφﬁber
√
n21 − n22
λ
, (2.20)
where φﬁber is the diameter of the tapered ﬁber, λ is the laser wavelength, and n1 and n2 are the
refractive indices inside and outside the waveguide, respectively. In a step-index ﬁber, the single-
mode condition is obtained when the V number is 2.405. Therefore, the transmission oscillation
is suppressed when the diameter of tapered ﬁber becomes smaller than φﬁber = 1.15 μm, which
is calculated with n1 = 1.44, n2 = 1, and λ = 1.55 μm.
Single mode
(core-clad)
Multi mode
(clad-air)
Single mode
(clad-air)
(b)(a)
Fig. 2.9: (a) Tapered ﬁber pulling setup. (b) Transmission during heating and pulling the optical
ﬁber. The amplitude oscillation indicates change of the propagation mode, which includes
a single- and a multi-mode. When decreasing the oscillation, the pulled optical ﬁber has a
diameter of around 1 μm, which is compatible with coupling light to a microresonator.
2.3.2 Quality factor measurement with a tapered ﬁber
The Q factor is an important parameter to evaluate whether the microresonator could build
up intracavity optical power and cause optical nonlinear eﬀects. The Q factor is determined
by using the cavity decay rate following Eq. (2.9), which can be evaluated by measuring the
linewidth of a resonance mode in the frequency (wavelength) domain and the photon lifetime in
the time domain. Figure 2.10(a) shows the tapered ﬁber coupling setup to measure Q factors.
A toroid chip is placed on a three-axis automatic positioning stage that can control the relative
position between the microresonator and ﬁber. The coupling position is monitored by using
microscopes from the top and side, whose views are shown in Figs. 2.10(b) and (c). Figure 2.11
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shows experimental setups used for Q factor measurement in (a-c) the frequency and (d,e) the
time domains. Figures 2.12, 2.13, and 2.14 show measurement results with a silica toroid, a
silica rod, and a MgF2 microresonators, respectively. Fabricated microresonators in this thesis
have Q factors of typically 1-10 million (silica toroid), 10-100 million (silica rod), and 100-1000
million (MgF2).
Frequency domain measurement
As explained in §2.1.2, the transmission in a resonance mode has a Lorentzian shape as a
function of the detuning between the resonance and laser frequencies. Therefore, the linewidth
of a resonance mode can be evaluated by monitoring the transmission while scanning the laser
frequency. Here the frequency (wavelength) axis needs to be calibrated with some frequency
(wavelength) marker, that are created by using the built-in function of a commercial laser (Santec
TSL-510 andTSL-710), a ﬁberMach-Zehnder interferometer (MZI), and a phasemodulator. For
example, Figs. 2.12(a) and 2.13(a) show measured resonance modes with 50 MHz modulated
sidebands that can calibrate from a time axis in an oscilloscope to a frequency axis. As
written in §2.1.1, a Q factor is determined as Q = ω0/κ (= λ0/Δλ), where λ0 is the resonance
wavelength and Δλ is the linewidth in the wavelength domain. The frequency calibration in a
broad wavelength range, which is created with a ﬁber MZI, can also be used to measure cavity
dispersions. The detail is provided in §2.4.2.
Time domain measurement
Q factors can be evaluated in the time domain by monitoring the output power after stopping
the laser input to the resonance mode. The output power decreases exponentially and its
decay rate corresponds to the cavity decay rate. This scheme is compatible with ultrahigh-Q
microresonators (Q ≥ 108) because of their long photon lifetime (corresponding to the small
cavity decay rate). In this thesis, I used two methods in the time domain measurement, which
are shown in Figs. 2.11 (d) and (e). In Fig. 2.11 (d), the laser frequency is scanned over the
resonance mode. The scan speed (vscan in units of rad·Hz/s) needs to satisfy with τcav  κ/vscan.
After going across the resonance, the output of conﬁned light from the microresonator interferes
with the input laser that generate an interferometer signal. In Fig. 2.11 (e), the coupled laser
power is modulated with an intensity modulator, where a squared signal is applied. The cavity
decay rate can be obtained by ﬁtting with an exponential function to the signal amplitude.
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(a) (b)
(c)
Top camera
Side camera
~ 1 μm
Toroid chip
Tapered fiber
Fig. 2.10: (a) Tapered ﬁber coupling setup. The toroid chip is placed on a three-axis automatic
positioning stage. The toroid microresonator is placed at the blue-emitted point on the chip in
the picture (through THG). (b)(c) The microscope views from the top and the side.
FPC
TLD PWM
DAQ
TLD
OSCMZI
FPC
PD
FG
FG FG
TLD
FPC
PM
OSC
PD
TLD
FPC
FG
OSC
PD
(a)
(b)
(c)
(d)
(e)
TLD
FPC
IM
PD
OSC
FG
Fig. 2.11: Experimental setups for Q factor measurement in (a-c) the frequency and (d,e) the time
domains. TLD: tunable laser diode, FPC: ﬁber polarization controller, PWM:powermeter, DAQ:
data acquisition, FG: electrical function generator, MZI: ﬁberMach-Zehnder interferometer, PD:
photodetector, OSC: oscilloscope, SG: electrical signal generator, PM: phase modulator, IM:
intensity modulator, PPG: pulse pattern generator.
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κ/2π = 2.3 MHz
Q = 8.4?107
(a) (b)
τcav = 14 ns
Q = 1.7?107
κ/2π = 1.8 MHz
Q = 1.1?108
Fig. 2.12: Q factor measurement of silica toroid microresonators in (a) the frequency and (b)
the time domains. (a) The phase modulated laser with 50 MHz bandwidth is scanned over the
resonance mode (blue). Around the center dip, the two small dips can be observed that can be
used to calibrate the frequency axis. Red lines represent Lorentzian functions, whose linewidths
correspond to the cavity decay rates κ/2π (here: 1.8 and 2.3 MHz). The splitting is cause by
the mode coupling between clockwise and counter-clockwise propagation modes. (b) Optical
output power, which decreases exponentially, is monitored after turning the laser input oﬀ.
(a) (b)
τcav = 0.52 μs
Q = 6.3?108
κ/2π = 860 kHz
Q = 2.2?108
Fig. 2.13: Q factor measurement of silica rod microresonators in (a) the frequency and (b) the
time domains. (a) The phase modulated laser with 50 MHz bandwidth is scanned over the
resonance mode. (b) The input laser is scanned over the resonance at the scan speed (vscan in
units of rad·Hz/s) that satisﬁes with τcav  κ/vscan. The interference signal can be observed
while light is output from a microresonator.
τcav = 1.24 μs
Q = 1.5?109
Fig. 2.14: Q factor measurement of an MgF2 microresonator in the time domain.
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2.3.3 Control of coupling condition between microresonator and ﬁber
To control the coupling condition between resonance and ﬁber modes is an important technique
to input the laser light eﬃciently. The basic theory is explained in §2.1.2. In experiments,
the coupling condition can be optimized by selecting the optimum diameter of a tapered ﬁber
and controlling the relative position between the microresonator and tapered ﬁber [117–119].
Figure 2.15 shows measurement results of normalized resonance linewidths and minimum
transmissions as a function of (a) the gap distance between the ﬁber and the toroidmicroresonator,
and (b) the coupling parameter. Since the diameter of the tapered ﬁber at the coupling point
is properly selected, the transmission reaches close to zero at the gap distance of 0.9 μm. A
critical coupling condition, where the transmission is zero and κ/κi = 2, is suitable for most of
microresonator experiments because input laser light is eﬃciently coupled to a resonance mode.
When the diameter is not properly selected, the transmission cannot reach zero due to the phase
mismatch between resonance and ﬁber modes.
(a) (b)
Experiment
Theory
Fig. 2.15: Measurement of normalized resonance linewidths and minimum transmissions as a
function of (a) the gap distance between the ﬁber and toroid microresonator and (b) coupling
parameter. (a) The critical coupling, where the transmission is zero and κ/κi = 2, is obtained at
the gap distance of 0.9 μm. (b) Experimental data is in good agreement with the theory, which
is calculated by using Eq. (2.15).
2.3.4 Thermally induced resonance shift
Thermal eﬀects inside amicroresonator have impacts on optical coupling, Q factormeasurement,
output noises, and other properties. For example, in order to evaluateQ factors exactly, resonance
frequency shift by thermo-optic and thermal expansion eﬀects should be avoided by reducing
the input laser power. This is because the measured resonance shape is distorted from a
Lorentzian shape. Figure 2.16 shows resonance modes, which are measured by scanning the
pump wavelength from short to long, in a silica toroid microresonator with various input laser
powers. With a higher input power, the shape of the resonance mode changes from Lorentzian
to triangular. This frequency shift depends on changes of the eﬀective refractive index and the
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cavity length. By using Eq. (2.2), the resonance wavelength shift can be expresses as
Δλm =
(n + Δn)(L + ΔL)
m
− nL
m
≈ nL
m
(
ΔL
L
+
Δn
n
)
= λm
(
1
L
dL
dT
ΔTTE +
1
n
dn
dT
ΔTTO
)
. (2.21)
Since the ﬁrst and second terms represent thermo-optic and thermal expansion eﬀects, ΔTTE
and ΔTTO are the temperature changes at the parts of resonator structure and resonance mode,
respectively. The coeﬃcients are shown in Table 2.1.
The thermal eﬀects can be used to stabilize optical coupling between input laser and reso-
nance mode. This scheme is known as the thermal locking technique [120]. Thermal locking is
useful in microresonator experiments because of not requiring external locking systems. How-
ever, the locking point is limited to only the blue-detuned side from the resonance frequency
in many types of microresonators. This is because many optical materials including silica,
MgF2, and Si3N4 have thermal coeﬃcients (dL/dT and dn/dT) with a positive sign. Thanks
to the positive sign, when the laser frequency changes to lower (higher), the coupled power
increases (decreases) and that induces increasing (reducing) temperature and shifting the reso-
nance frequency to lower (higher). This passive locking scheme keeps optical coupling at the
blue-detuned side. On the other hand, optical coupling at the red-detuned side is unstable. Hence
soliton microcomb generation is suﬀer from thermal instability because a soliton microcomb is
only generated with red-detuned pumping (the detail is described in §3.1).
Laser wavelength scan
Fig. 2.16: Transmission power from a silica toroid microresonator with various input powers.
With a smaller input power, the resonance mode has a Lorentzian shape. On the other hand, with
a higher input power, thermo-optic and thermal expansion eﬀects make the shape triangular.
2.4 Cavity dispersion
In microcomb researches, cavity dispersion is a critical parameter that is required to generate
FWM with modulation instability and determines microcomb bandwidths. Therefore, in order
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to evaluate cavity dispersion of fabricated microresonators, I developed a calculation method
with a ﬁnite element simulation and a measurement method with a frequency marker.
2.4.1 Finite element simulation for cavity dispersion
Since dispersion means that eﬀective refractive index depends on the frequency (also the mode
proﬁle and the polarization), a cavity dispersion can be calculated from resonance frequencies in
a transverse mode, as explained in §2.1. The resonance frequencies can be obtained with elec-
tromagnetic ﬁeld calculation, that is performed by modeling the microresonator structure and
applying a ﬁnite element simulation. In this thesis, I use the software "COMSOL Multiphysics"
as a ﬁnite element simulation solver that can calculate eigenvalues corresponding to resonance
frequencies. When applying a constant refractive index to the material, obtained cavity disper-
sion considers only geometrical dispersion. However, a cavity dispersion should take account
of both geometrical and material dispersions. Hence, I adopt an iterative calculation scheme
to obtain exact resonance frequencies (i.e. for cavity dispersion), as shown in Fig. 2.17. The
calculation follows three steps. (1) The microresonator structure and the approximate refractive
index are set in the ﬁnite element simulation solver. (2) The solver calculates the eigenvalue (res-
onance frequency). Then, a Sellmeier equation calculates a refractive index at the eigenvalue.
These processes are repeated in three times. (3) The exact eigenvalue, which takes account of
the geometrical and material dispersions, is obtained. Here the ﬁnite element simulation solver
and the Sellmeier equation consider geometrical and material dispersions, respectively. The
Sellmeier equation is expressed as
n2(λ) = 1 +
∑
k=1
Akλ2
λ2 − B2k
, (2.22)
where λ is the wavelength and Ak and Bk are the coeﬃcients depending on the material, which
are shown in Table 2.2. Figure 2.18 shows material dispersions, which are expressed with β2
and D, in some optical materials as a function of wavelength. The dispersion parameters are as
follows:
D(λ) = −2πc
λ2
β2(λ) = −λc
d2n
dλ2
. (2.23)
Figure 2.19 shows calculated cavity FSRs (d1) and dispersion values (d2 and d3) in a silica
disk microresonator, whose parameters are referred to the previous research [121], to check
whether the developed method could calculate exact values. The calculation results are in good
agreement with those shown in the reference.
Figure 2.20 shows examples of the calculated cavity dispersions at 1550 nm in silica toroid
and rod microresonators as a function of the FSR. The FSRs and cavity dispersions depend on
the diameter, curvature radius (also referred as minor radius) in the cross section of the resonant
part, spatially transverse mode, and TE and TM polarizations. In addition, the ﬁnite element
simulation solver can calculate an eﬀective mode area Aeﬀ, which is explained in §2.1. The
calculated eﬀective mode areas in silica toroid and rod microresonators are shown in Fig. 2.21.
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FEM solver Sellmeierequation(1)
(2)
(3)
3 times
Refractive index
Eigenvalue
(resonance frequency)
Refractive index
Result
Fig. 2.17: Iterative calculation scheme for cavity dispersion that takes account of material and
geometrical dispersions. FEM: ﬁnite element method.
MgF2(o)
MgF2(e) SiO2
Si3N4
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Fig. 2.18: Material dispersion calculated with a Sellmeier equation.
0-TM
diameter: 2.987 mm, thickness: 8 μm, angle: 10?
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Fig. 2.19: Calculated FSR (d1) and dispersion values (d2 and d3) in a silica disk microresonator
that has a diameter of 2.987 mm, a disk thickness of 8 μm, and a wedge angle of 10◦. These
calculated values are in good agreement with those shown in Ref. [121].
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Table. 2.2: Coeﬃcients of Sellmeier equations [113,122].
A1 A2 A3 B1 [μm] B2 [μm] B3 [μm]
SiO2 0.6961663 0.4079426 0.8974794 0.0684043 0.1162414 9.896161
MgF2(o) 0.48755108 0.39875031 2.3120353 0.04338408 0.09461442 23.793604
MgF2(e) 0.41344023 0.50497499 2.4904862 0.03684262 0.09076162 12.771995
CaF2 0.5675888 0.4710914 3.8484723 0.050263605 0.1003909 34.649040
Si3N4 3.0249 40314 0.1353406 1239.842
(a) (b)
Fig. 2.20: Calculated cavity dispersions in (a) silica toroid and (b) silica rod microresonators as
a function of the cavity FSR. The values in parentheses are the curvature radius (minor radius)
of the cross section of the resonant part.
(a) (b)
1-TE0-TE
Fig. 2.21: Calculated eﬀective mode areas in (a) silica toroid and (b) silica rod microresonators.
The values in parentheses are the curvature radius (minor radius) of the cross section of the
resonant part. The insets in (a) represent intensity proﬁles of fundamental (0-) and higher order
(1-) TE modes. In most cases, the mode areas in TE and TM modes are close values.
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TLD
HCN
gas cell
PD
OSC
FPC
MZI
(a) (b)
HCN gas absorption
(c)
Fig. 2.22: (a) Cavity dispersionmeasurement setup. A ﬁberMZI creates a frequencymarker that
is sinusoidal interferometer signals with a FSR of around 19.7 MHz. Absorption lines of HCN
gases determine the absolute wavelength. TLD: tunable laser diode, FPC: ﬁber polarization
controller, PD: photodetector, MZI: ﬁber Mach-Zehnder interferometer, OSC: oscilloscope.
(b) Measured absorption spectrum of the HCN gas. The branch at 1549.73051 nm determines
the absolute frequency in the measured resonance spectrum. (c) A part of measured resonance
spectrum of a silica rod microresonator (blue) and the MZI signal (gray).
2.4.2 Cavity dispersion measurement
The measurement of cavity dispersion is an important technique in microcomb research to
evaluate cavity FSRs, second and higher order dispersions, and also mode coupling between
diﬀerent transverse modes. Since the evaluation of cavity dispersion requires the measurement
of resonance frequencies precisely, frequency markers are needed to calibrate the measurement
data. A reliable method is to use an optical frequency comb source whose interference signals
with a probe CW laser canmake frequencymarkers through two electrical bandpass ﬁlters [123].
Although this method can provide very precise and stable frequency markers, the disadvantages
are complex measurement setup and requirement of the frequency comb source. In this thesis,
a simpler method consisting of a ﬁber MZI, whose sinusoidal interferometer signal works as a
frequency marker in the frequency domain, is used to measure cavity dispersions [124,125].
Figure 2.22(a) shows the dispersionmeasurement setup. A ﬁberMZI and a hydrogen cyanide
(HCN) gas cell determine mode spacings between resonance modes and the absolute frequency,
respectively. The oscilloscope acquires three pieces of data: resonance spectrum, MZI signal,
and HCN gas absorption spectrum.
Figure 2.22(c) shows a part of themeasured resonance spectrumof a silica rodmicroresonator
(blue) and the MZI signal (gray). The cavity FSRs are measured by counting periods of the
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MZI signal. A ﬁber MZI is easy to fabricate by connecting two 50:50 optical couplers and
two single-mode optical ﬁbers that have diﬀerent lengths. The length diﬀerence in the two
pathways (ΔLﬁber) determines the period of a sinusoidal interferometer signal in the frequency
axis (Δ fMZI), which follows
Δ fMZI(λ) = cn(λ)ΔLﬁber
. (2.24)
Since I use a length diﬀerence of around 10 m, the interferometer signal has periods of around
19.7 MHz. However, as expressed in Eq. (2.24), dispersion of the ﬁber MZI itself should be
compensated to use as a frequency marker. The dispersion value D of a single-mode ﬁber in
ps/(km·nm) units follows:
D(λ) = 1
4
S0
(
λ − λ
4
zero
λ3
)
(2.25)
in the range from 1200 to 1625 nm, where S0 is the zero dispersion slope (S0 ≈ 0.09 ps/(nm2·km))
and λzero is the zero dispersion wavelength (λzero ≈ 1310 nm). Since the single-mode optical
ﬁber (Furukawa Electric, AllWave Fiber) has the eﬀective refractive index of 1.468 at 1550 nm,
frequency dependent eﬀective refractive index can be calculated as shown in Fig. 2.23(a). By
using the calculated eﬀective refractive index of the optical ﬁbers, frequency dependent FSRs
of the fabricated MZI can be calculated as shown in Fig. 2.23(b). In this calculation, I used
the measured FSR of 19.6924 MHz at 193.582 THz. The FSR curve in Fig. 2.23(b) is Taylor-
expanded as a function of the relative number of the MZI periods (μMZI) from the center that is
at 193.582 THz:
Δ fMZI(μMZI) = Δ fMZI,0 + d1μMZI + 12d2μ
2
MZI . (2.26)
The fabricated MZI has parameters of Δ fMZI,0 = 19.6929 MHz, d1 = 10.8015 mHz, and
d2 = −7.87933 nHz. The MZI dispersion in Eq. (2.26) and the acquired three pieces of
experimental data with an oscilloscope are processed using a developed MATLAB code, which
automatically searches resonance modes in the same transverse mode and counts the periods of
the MZI signal.
To conﬁrm whether the developed measurement system and MATLAB code could work
well, I measured dispersion of a ﬁber loop cavity, which is shown in Fig. 2.24. ω0/2π and
D1/2π are 193.556 THz and 93.3964 MHz, respectively. A ﬁber loop cavity is easy to fabricate
by connecting the one input to the one output in a commercial 99:1 coupler. The light-blue points
in Fig. 2.24(a) represent the dispersion (Dint) when not taking account of the compensation of
the MZI dispersion. The ﬁber loop cavity and the ﬁber MZI have almost the same dispersion
because they consist of single-mode ﬁbers. Therefore, the measured dispersion value in light-
blue points is close to zero (D2/2π = 0.006 Hz) by canceling between dispersions of the ﬁber
loop cavity and the ﬁber MZI. The blue points represent the dispersion of the ﬁber loop cavity
when taking account of the compensation of the MZI dispersion. Figure 2.24(b) shows the
detail of measurement data around the mode number oﬀset of zero, whose variation was below
2 MHz. These results mean that the developed system can measure cavity dispersions. Finally, I
measured dispersion in silica toroid and rod microresonators, and they were in good agreement
with the ﬁnite element simulations. The measurement results are shown in §4.7 and §5.4.
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(a) (b)
Fig. 2.23: (a) Calculated eﬀective refractive index of a single-mode optical ﬁber, which has
a refractive index of 1.4680 at 1550 nm. The dispersion follows Eq. (2.25). (b) FSR of the
fabricated MZI that has 19.6924 MHz at 193.582 THz.
(a) (b)
— w/ fiber dispersion compensation
— w/o fiber dispersion compensation
D2/2π = 0.25 Hz
D2/2π
= 0.006 Hz
Fig. 2.24: (a) Measured dispersions of a ﬁber loop cavity with/without compensation of the
ﬁber dispersion, which is expressed in Eq. (2.26). The ω0/2π and D1/2π are 193.556 THz
and 93.3964 MHz, respectively. Since the ﬁber loop cavity consists of single-mode ﬁbers, the
measured dispersion is almost canceled (D2/2π = 0.006 Hz) in the case with not considering
the ﬁber dispersion of the ﬁber MZI. Red lines represent parabolic curve ﬁttings. (b) The detail
of measurement data around mode number oﬀset of zero.
2.5 Optical nonlinear processes
2.5.1 Third order nonlinearities in dielectric materials
Optical nonlinear processes mean that polarization P in dielectric materials scales nonlinearly
with externally applied electric ﬁelds E , whose relation is represented as
P = 0{χ(1)E + χ(2)E2 + χ(3)E3 + · · · } . (2.27)
Here 0 is the vacuum permittivity, χ(1) is the linear electric susceptibility, and χ(2) and χ(3) are
the second and third order nonlinear electric susceptibilities, respectively. Although the higher
order terms can be neglected when the amplitude of electric ﬁelds is small, the higher order terms
become dominant with strong electric ﬁelds. The second order termworks in dielectric materials
that are inversion asymmetric at the molecular level (χ(2) materials) such as LiNbO3. In this
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thesis, the nonlinear contribution takes account of only the third order term because of using
silica and MgF2 that are symmetric molecules (χ(3) materials). The third order nonlinearity can
play in all dielectric materials. Therefore, the nonlinearity-contributed polarization PNL can be
extracted from Eq. (2.27):
PNL = 0χ(3)E3 . (2.28)
Since the third order nonlinear process interacts between four electric ﬁeld components, the total
electric ﬁeld is described as
E =
4∑
j=1
Ej exp{i(k j z − ω j t)} . (2.29)
By substituting Eq. (2.29) into Eq. (2.28), the following equation is obtained
PNL =
4∑
j=1
Pj exp{i(k j z − ω j t)} . (2.30)
Pj has a large number of terms including three electric ﬁeld components such as
P4 ∝ {|E4 |2E4 + 2(|E1 |2 + |E2 |2 + |E3 |2)E4
+ 2E1E2E3 exp(iθ+) + 2E1E2E∗3 exp(iθ−) + · · · } , (2.31)
where θ+ and θ− are expressed as
θ+ = (k1 + k2 + k3 − k4)z − (ω1 + ω2 + ω3 − ω4)t , (2.32)
θ− = (k1 + k2 − k3 − k4)z − (ω1 + ω2 − ω3 − ω4)t . (2.33)
In Eq. (2.31), the terms which are proportional to E4 represent self- and cross-phase modulation
(SPM and XPM). The term with θ+ represents frequency conversion processes of THG and
sum frequency generation. Also, the term with θ− represents frequency conversion processes of
FWM.
2.5.2 Optical nonlinear processes in microresonators
Self- and cross-phase modulation
Self- and cross-phase modulation (SPM and XPM) are phenomena to change an eﬀective
refractive index in dielectric materials, whose shift depends on the propagating light intensity
[126]. SPM refers to the self-induced phase shift, which is caused by interaction of one optical
ﬁeld. XPM refers to the phase shift induced by another optical ﬁeld that has the diﬀerent
frequency, direction, polarization, or transverse mode. For example, in Eq. (2.31), |E4 |2E4 and
2(|E1 |2+ |E2 |2+ |E3 |2)E4 represent SPM and XPM, respectively. Since XPM eﬀects work twice
as much as SPM eﬀects, change of the eﬀective refractive index Δn(t) is expressed as
Δn(t) = n2I4(t) + 2n2{I1(t) + I2(t) + I3(t)} , (2.34)
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where n2 is the nonlinear refractive index and I∗ is the light intensity (∗  1 − 4 ). Assuming
the case that a microresonator is pumped with a CW laser, the wavelength shift via SPM is as
follows
Δλm =
(n + Δn)L
m
− nL
m
=
n2I4L
m
=
n2PcavL
mAeﬀ
= λm
n2Pcav
nAeﬀ
, (2.35)
where the second term on the right-hand side in Eq. (2.34) is neglected because the term
represents XPM eﬀects.
The amount of eﬀective refractive index change via SPM and XPM is typically smaller than
that via thermal eﬀects, which is expressed in Eq. (2.21). Hence the resonance shift shown in
Fig. 2.16 is almost caused by thermal eﬀects. On the other hand, the response time of SPM and
XPM (nanoseconds order or below) is much faster than that of thermal eﬀects (∼microseconds
order).
Third-harmonic and sum frequency generation
Third-harmonic generation (THG) is an optical nonlinear process to generate one photon from
three photons, which satisﬁes with energy conservation as ω + ω + ω = 3ω [127, 128].
Usually, THG in χ(3) materials has lower conversion eﬃciency than SHG in χ(2) materials.
Sum frequency generation is also an optical nonlinear process to generate one photon from
three photons, which satisﬁes with energy conservation as ω1 + ω2 + ω3(2) = ω4. These
processes require the phase matching condition as k1 + k2 + k3 = k4 expressed in Eq. (2.32).
Figure 2.25 shows measured THG signal with a spectrometer when pumping to a silica toroid
microresonator. The THG wavelength of 513.6 nm is one third of the pump wavelength of
1540.8 nm. The inset in Fig. 2.25 is the captured image with a side camera, which clearly shows
green light emission. THG is prone to creation simultaneously with microcombs.
Pump: ωpTHG: 3ωp
Fig. 2.25: Measured pump signal with an optical spectrum analyzer and THG signal with a
spectrometer when pumping to a silica toroid microresonator. The inset shows the captured
image with a side camera.
Four-wave mixing
Four-wave mixing (FWM) is an optical nonlinear process to generate new two photons from two
photons, which satisﬁes with energy conservation as ω1+ω2(1) = ω3+ω4 [129,130]. When
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the annihilation photons are in diﬀerent (same) frequencies, the conversion process is called non-
degenerate (degenerate) FWM. These processes require the phase matching condition as k1 +
k2(1) = k3+ k4 shown in Eq. (2.33). Degenerate FWM can be generated in anomalous dispersion
regime with modulation instability. The threshold input power to a coupling waveguide with
zero detuning follows:
PFWMin ≈
κ2n2AeﬀL
8cω0n2η
. (2.36)
Basically, a microcomb starts to generate by triggering via degenerate FWM by a CW pump
laser. A detailed explanation of FWMprocesses inside amicroresonator is provided in Chapter 3.
Figure 2.26 shows measured FWM signal when pumping to a silica toroid microresonator. The
degenerate FWM generated equally spaced sidebands from the pump laser.
Pump: ωp
FWM: ωp?ΩFWMFWM: ωp+ΩFWM
Fig. 2.26: Measurement of sidebands via degenerate FWM when pumping to a silica toroid
microresonator. The sidebands have equal spacings from the pump laser in the frequency
domain.
Stimulated Raman scattering
Stimulated Raman scattering (SRS) is an optical nonlinear process that generates red-shifted
photons from pump photons via interaction between light and molecular vibrations. The amount
of frequency shift (ΩSRS) is determined by the host material property (e.g. ΩSRS ∼14 THz in
silica). The threshold input power to a coupling waveguide with zero detuning is expressed as
PSRSin ≈
κ2n2AeﬀL
4c2ηgR(max)
, (2.37)
where gR(max) is the maximum Raman gain in units of m/W (6.2 × 10−14 m/W in silica at
1550 nm). Thanks to the high-Q factor and small mode volume, microresonator-based Raman
lasers with low threshold power have been demonstrated [85, 93]. Since Raman gain typically
has a broadband spectrum, the inﬂuence of SRS is diﬃcult to avoid in most of microcomb
researches except for cases using very small microresonators and the material that has a narrow
gain spectrum.
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With a silica microresonator in anomalous dispersion, the competition between SRS and
FWM thresholds in Eqs. (2.36) and (2.37) is given as PSRSin /PFWMin ≈ (2ω0n2)/(cgR(max)) ≈ 2.9,
which implies that the FWM occurs before generating SRS. On the other hand, in normal
dispersion, SRS becomes dominant because FWM generation is suppressed due to the lack of
modulation instability. Figure 2.27 shows the ﬁrst and second order SRS light in a silica toroid
microresonator, which are separated from the pump laser at around 14 and 28 THz, respectively.
In this case, multi-mode SRS in a transverse mode occurs due to the broadband spectrum of
Raman gain in silica.
1st order SRS: ~ ωp?ΩSRS 2nd order SRS: ~ ωp?2ΩSRSPump: ωp
Fig. 2.27: Measurement of SRS signal which is generated by pumping to a silica toroid mi-
croresonator. Since silica has a Raman gain peak at aroundΩSRS of 14 THz, the ﬁrst and second
order SRS are separated from the pump in around 14 and 28 THz, respectively.
Stimulated Brillouin scattering
StimulatedBrillouin scattering (SBS) is an optical nonlinear process that can generate red-shifted
photons, which propagate in the backward direction, from pump photons via the interaction
between light and acoustic waves [126]. The amount of frequency shift (ΩSBS) is determined
by the host material property (e.g. ΩSBS ∼11 GHz in silica). The threshold input power to a
coupling waveguide with zero detuning is expressed as
PSBSin ≈
κ2n2AeﬀL
4c2ηgB
, (2.38)
where gB is the Brillouin gain in units of m/W (∼ 6×10−11 m/W in silica at 1550 nm). Since the
Brillouin gain is three order of magnitude larger than the Raman gain, the inﬂuence of SBS is
typically larger than SRS in silica optical ﬁbers. However, in optical microresonators, covering
resonance modes with Brillouin gain is required to generate SBS. Hence, SBS does not disturb
microcomb research except for some cases such as using a large size microresonator with a cavity
FSR below ΩSBS (e.g diameter of a silica microresonator is larger than 6 mm). This is because
the spectral bandwidth of Brillouin gain has below 100 MHz in dielectric materials which
is typically narrower than the cavity FSR. On the other hand, optimizing the microresonator
structure makes it possible to achieve Brillouin lasers with a low threshold power [18, 131].
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2.5.3 Cavity optomechanics
Cavity optomechanics is the phenomenon that involves interaction between light and mechanical
motion through radiation pressure [13, 14, 77]. The radiation pressure is caused by momentum
transfer in the reﬂection of photons and is a useful technique in many ﬁelds, including biology,
atomic physics, and gravity wave detection. In particular, the system with a resonator and laser
light can enhance the radiation pressure eﬀects which lead to amplifying or damping the motion
of the resonator mirror, whose phenomenon is known as dynamical backaction. However, even
though this phenomenon was predicted in around 1970 [132], the experimental observation was
challenging due to the weak optomechanical coupling and the small oscillator displacement.
In recent years, progresses in fabrication processes of micro- and nanodevices have opened up
the way to perform various optomechnical experiments. In particular, observation of radiation
pressure ampliﬁcation and damping in a silica toroid microresonator is impressive in this ﬁeld
[78, 133, 134].
Figure 2.28 shows (a) a simulated mechanical mode and (b) a measured photodetector signal
when OMPOs occur. Although a toroid structure has many eigenmodes in mechanical modes,
the breezing mode is considered to be excited through the laser input because momentum
transfer is easily caused between optical and mechanical modes. As shown in Fig. 2.28(b), the
photodetector signal has some peaks at multiples of 49 MHz which is the mechanical oscillation
frequency. The harmonic signals result from that the optomechanical system working as a phase
modulator (and also an intensity modulator). The measured mechanical frequency agrees with
the simulated frequency of 50.7 MHz.
(a) (b)
Breezing mode at Ωm
Ωm Experiment : Ωm = 49 MHz
Simulation : Ωm = 50.7 MHz
RBW: 1 MHz
Fig. 2.28: (a) Simulated mechanical mode with ﬁnite element simulation. The breezing mode
is excited through the laser input to a toroid microresonator because the momentum transfer is
easily caused between optical and mechanical modes. The color codes represent displacement
(top) and stress (bottom). (b) Measured photodetector signal, which is modulated via optome-
chanical oscillations at the mechanical frequency Ωm, through the toroid microresonator. The
measured and simulated mechanical frequencies are 49 and 50.7 MHz, respectively. The toroid
microresonator has a diameter of 78 μm, a minor diameter of 7.5 μm, a disk thickness of 2 μm,
and a pillar diameter of 40 μm.
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Microresonator frequency combs
(microcombs)
This chapter explains the basic theory of microcombs to help in the understanding of Chapter 4,
5, and 6. The theory mainly deals with a Lugiato-Lefever equation, which can calculate
microcomb states inside a microresonator and provide an approximate analytical solution for a
dissipative Kerr soliton. In experiments, microcomb generation with silica toroid, silica rod,
and MgF2 microresonators was observed. The measured comb spectra and transmission are in
good agreement with results of an LLE.
3.1 Theory of microcomb formation dynamics
Microcomb dynamics inside a microresonator can be simulated by two approaches [125,135]: a
spectrotemporal model with a nonlinear coupled mode equation [130,136] and a spatiotemporal
model with a Lugiato-Lefever equation (LLE) [137–139]. A spatiotemporal model is used in
Chapter 4 and 6.
3.1.1 Spectrotemporal model: nonlinear coupled mode equation
The ﬁrst proposed approach is the spectrotemporal model [135], which is developed from a
coupled mode equation by increasing the number of calculating modes and adding a Kerr eﬀect
term. On the basis of Eq. (2.11), the internal ﬁeld in a mode number oﬀset from the pump mode
(Aμ) can be written as
dAμ(t)
dt
= − κ
2
Aμ − iωμAμ + δμ,0
√
κcsin exp(−iωpt) + ig
∑
μ1μ2μ3
Aμ1 Aμ2 A
∗
μ3 , (3.1)
where δμ,0 is the Kronecker delta function (δμ,0 = 1 at μ = 0), g is the nonlinear coeﬃcient as
g = (ω20n2D1)/(2πnAeﬀ), ωμ is the resonance angular frequency at the mode number oﬀset μ,
and other parameters are referred in §2.1.2. The third term on the right-hand side only becomes
available at the pump mode (μ = 0) because one resonance mode is pumped with a CW laser.
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The fourth term on the right-hand side represents Kerr eﬀects including SPM, XPM, and FWM.
Then, phase transformation aμ(t) = Aμ(t) exp{i(ωp + μD1)t} is applied:
daμ(t)
dt
= − κ
2
aμ + i(ωp + μD1 − ωμ)aμ + δμ,0
√
κcsin
+ ig
∑
μ1μ2μ3
aμ1aμ2a
∗
μ3 exp{−iD1(μ1 + μ2 − μ3 − μ)t} . (3.2)
The phase matching conditions are satisﬁed when μ3 = μ1 + μ2 − μ on the Kerr eﬀect term.
Also, the resonance angular frequencies can be described as ωμ = ω0 +D1μ+Dint(μ) as shown
in §2.1.1. By using these relations, Eq. (3.2) can be simpliﬁed as
daμ(t)
dt
= − κ
2
aμ + iΔω0aμ − iDintaμ + δμ,0
√
κcsin + ig
∑
μ1μ2
aμ1aμ2a
∗
μ1+μ2−μ . (3.3)
Eq. (3.3) is a nonlinear coupled mode equation to describe microcomb dynamics.
3.1.2 Spatiotemporal model: Lugiato-Lefever equation
The other approach is the spatiotemporal model [125,135], which calculates Kerr eﬀects in the
time domain (in the space domain as azimuthal angle inside amicroresonator) by utilizing Fourier
transformation. The spatiotemporal model has been employed to simulate microcomb dynamics
in many researches owing to the fast calculation time. This is because the spectrotemporal
model requires the calculation of a large number of combinations between light ﬁelds on the
Kerr eﬀect term. On the other hand, in a spatiotemporal model, Kerr eﬀects are calculated with
the internal ﬁeld including light in multiple resonance modes a(φ, t), which follows:
a(φ, t) =
∑
μ
aμ(t) exp(iμφ) , (3.4)
where φ is the angular coordinate in the microresonator. Equation (3.4) is diﬀerentiated by
referring to Eq. (3.3) as
∂a(φ, t)
∂t
=
∑
μ
∂aμ(t) exp(iμφ)
∂t
= − κ
2
∑
μ
aμ exp(iμφ) + iΔω0
∑
μ
aμ exp(iμφ)
− i
∑
μ
Dintaμ exp(iμφ) + ig
∑
μ
∑
μ1μ2
aμ1aμ2a
∗
μ1+μ2−μ exp(iμφ) +
√
κcsin , (3.5)
which can be simpliﬁed as
∂a(φ, t)
∂t
= − κ
2
a + iΔω0a − i
∑
k≥2
Dk
k!
( ∂
i∂φ
) k
a + ig |a|2a + √κcsin . (3.6)
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Equation (3.6) is a Lugiato-Lefever equation (LLE), which can describe microcomb dynamics.
Here from Eq. (3.5) to Eq. (3.6), transformation of the dispersion term uses following relations:
( ∂
∂φ
) k
a = ik
∑
μ
μkaμ(t) exp(iμφ) , (3.7)
∑
μ
Dint(μ)aμ(t) exp(iμφ) =
∑
k
{
Dk
k!
∑
μ
μkaμ(t) exp(iμφ)
}
=
∑
k
Dk
k!
( ∂
i∂φ
) k
a . (3.8)
Also, the transformation of the Kerr eﬀect term uses following relation:∑
μ
∑
μ1μ2
aμ1aμ2a
∗
μ1+μ2−μ exp(iμφ)
=
∑
μ1
aμ1 exp(iμ1φ)
∑
μ2
aμ2 exp(iμ2φ)
∑
μ3
a∗μ3 exp(−iμ3φ)
= |a|2a. (3.9)
An LLE can includes Kerr eﬀects, which is shown in Eq. (3.6), and also Raman eﬀects.
Although Kerr eﬀects are considered to cause instantaneously, the response of Raman eﬀects
is delayed from the carrier light ﬁeld. Hence the response of Kerr and Raman eﬀects need to
be calculated with integral calculus as a function of the angular coordinate, which is related to
the (fast) time domain in the microresonator φ. The nonlinear response function h(t˜) including
Kerr and Raman eﬀects can be expressed as
h(t˜) = (1 − fR)δ(t˜) + fRhR(t˜) , (3.10)
where t˜ is the fast time frame, fR is the Raman contribution coeﬃcient ( fR = 0.18 in silica), δ(t˜)
is the Kronecker delta function (δ(t˜) = 1 at t˜ = 0), and hR(t˜) is the Raman response function
which is normalized as
∫ ∞
0 hR(t˜)dt˜ = 1. The Raman response in silica is explained in §5.1.
Therefore, an LLE that can take account of Raman eﬀects can be expressed as
∂a(φ, t)
∂t
= − κ
2
a + iΔω0a − i
∑
k≥2
Dk
k!
( ∂
i∂φ
)k
a + iga
∫ 2π
0
h
( φ′
D1
)
|a(φ − φ′)|2dφ′ + √κcsin .
(3.11)
3.1.3 Microcomb formation via cascaded four-wave mixing
Microcomb formation and the states
A microcomb is generated in a microresonator via cascaded FWM driven by a CW pump laser
through an external waveguide. The commonly used method is to scan the pump frequency over
the resonance mode to the lower side. The pump scanning changes the intracavity conditions
from the CW state: Turing pattern and chaotic combs with blue-detuned pumping; breather soli-
ton, multi-soliton, and single soliton combs with red-detuned pumping [39]. The understanding
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Table. 3.1: Characteristics of microcomb states
Turing pattern Chaos (Single) soliton
Relative phases between comb lines Fixed Random Zero
Number of comb lines Small Large Large
Pump detuning from resonance Blue-side Blue-side Red-side
(a)
(b)
Frequency domain Time domain
(i)
(ii)
(iii)
(iv)
(v)
Effective
red-detuning
CW
Turing pattern
Chaos
Multi-soliton
Single soliton
Fig. 3.1: Microcomb formation calculated with an LLE shown in Eq. (3.6). The parameters
follow D2/κ = 0.05 and (2sin/κ)
√
2gκc/κ = 4. (a) Intracavity power as a function of pump
detuning. The microcomb state depends on the pump detuning: (i) CW, (ii) Turing pattern,
(iii) chaos, (iv) multi-soliton, and (v) single soliton states. The soliton states are achieved with
eﬀective red-detuned pumping. The step-like power transition at (iv) and (v) are called "soliton
steps". (b) Microcomb spectra and waveforms in a microersonator at diﬀerent states.
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Optical frequency
Optical frequency
Mode spacing ≠ Mode spacing
Radio frequency
Beatnote
FWM
Pump
Fig. 3.2: Illustration of a chaotic microcomb spectrum and the amplitude noise. The primary
comb lines are generated via degenerate FWM driven by a CW pump laser. Since the each
primary comb line generates sub comb lines in diﬀerent mode spacings, multiple laser lines
exist in a single resonance mode and cause amplitude noises of the microcomb. The noises can
be evaluated with a photodetector by monitoring beatnote signal of the microcomb.
of the formation and properties in each state is key to follow this thesis’s results (particularly in
Chapter 4 and 6). Therefore, in this section, the general formation and properties of microcombs
are shown using an LLE.
Figure 3.1 shows simulation results of microcomb formation depending on the pump de-
tuning, which are calculated with Eq. (3.6). First, the coupled CW laser builds up intracavity
power and causes degenerate FWM that forms a microcomb called a Turing pattern comb or a
primary comb. A Turing pattern comb has equal mode spacings between comb lines due to the
pure FWM. Second, a chaotic comb (also known as a modulation instability comb) is formed
by sub comb lines being generated from each primary comb line independently and overlap-
ping. [140, 141]. Since the each primary comb line generates sub comb lines in diﬀerent mode
spacings, multiple laser lines exist in a single resonance mode and cause amplitude noises of the
microcomb, as shown in Fig. 3.2. Third, when the eﬀective pump detuning changes from blue
to red, the intracavity ﬁeld becomes in mode-locked condition where the microcomb propagates
as soliton pulses inside the microresonator. As shown in Fig. 3.1(a), soliton states have discrete
intracavity powers that depend on the number of soliton pulses. The step-like power transitions
are called "soliton steps". The analysis of a stationary-state soliton microcomb is explained in
§3.1.4.
First sidebands of microcomb via degenerate four-wave mixing
The ﬁrst sidebands of a microcomb are generated via degenerate FWM driven by a CW pump
laser. Degenerate FWM generates in anomalous dispersion regime with modulation instability
that ampliﬁes amplitude noises of the coupled CW laser in the time domain. Also, in the
frequency domain, the CW laser is coupled to a resonance mode at the blue-detuned side and
generates sidebands at the centers of resonance modes, as illustrated in Fig. 3.3. The mode
number oﬀsets μth, where ﬁrst sidebands generate, are determined by as follows [142]:
−Δω0 + 12D2μ
2
th ≈ 0 , (3.12)
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Detuning
μ
Resonance
mode
Comb line
(Detuning)
= −(ωp−ω0) + ½ D2μ2
Frequency
Fig. 3.3: Schematic of ﬁrst sidebands generated at the center of resonance modes. (ωp − ω0) +
1
2D2μ
2 ≈ 0 is satisﬁed when reaching the intracavity power to the threshold for degenerate
FWM.
when reaching the intracavity power to the threshold for degenerate FWM. To satisfy with
Eq. (3.12), the blue-detuned pumping (Δω0 = ωp −ω0 > 0) is required in anomalous dispersion
regime (D2 > 0). The threshold intracavity power for degenerate FWM PFWMcav can be expressed
as
PFWMcav =
κnAeﬀ
2ω0n2
(3.13)
by using Eq. (2.36) and the relation between input power Pin and intracavity power Pcav:
Pcav =
κc
1
4 κ
2 + Δω20
D1
2π
Pin . (3.14)
Therefore, the pump detuning to generate the ﬁrst sidebands can be calculated as
Δω0 =
√
2cω0n2
n2ηAeﬀL
Pin − 14 κ
2 . (3.15)
The ﬁrst sideband generation at close to the center of resonance modes is experimentally
conﬁrmed in §4.3.
In a case with normal dispersion regime, the lack of modulation instability obstructs the
creation of degenerate FWM, which is a trigger to form a microcomb. However, when mode
coupling between diﬀerent transversemodes in amicroresonator (or diﬀerent transversemodes in
two microresonators) shifts a resonance frequency that makes eﬀectively anomalous dispersion,
ﬁrst sidebands can oscillate at the shifted resonance mode [143, 144]. As a result of the
microcomb formation, microresonators with a normal dispersion can generate a mode-locked
pulse that propagates as a dark soliton pulse [145].
3.1.4 Analysis of soliton solution in a microresonator
The analytical approach for soliton microcomb can be performed using an LLE that considers
lossless, no input, and the dispersion with only the second order [125, 146]:
∂a(φ, t)
∂t
= iΔω0a + i
D2
2
∂2a
∂φ2
+ ig |a|2a . (3.16)
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To analyze the stationary-state soliton solution, I assume the ansatz of a single soliton as1
a(φ) = Bsech(φ/φs) exp(iϕ0) , (3.17)
where B is the soliton amplitude, φs is the soliton pulse width in the angular coordinate domain
following φs = t˜s/D1, t˜s is the soliton pulse width in time domain, and ϕ0 is the phase of the
soliton envelope relative to the pump. By substituting Eq. (3.17) for Eq. (3.16),
0 =
{
Δω0 +
D2
2φ2s
}
+ sech2
(
φ
φs
) {
gB2 − D2
φ2s
}
(3.18)
is obtained. Hence the stationary soliton condition can be written as
D2 = gB2φ2s > 0 , (3.19)
Δω0 = − D22φ2s
= −1
2
gB2 < 0 , (3.20)
which mean anomalous dispersion and red-detuned pumping are required for soliton micro-
combs.
3.2 Experimental observation of microcomb generation
Microcomb generation with silica toroid, silica rod, and MgF2 microresonators was observed.
The measured comb spectra and transmission are in good agreement with results of an LLE.
EDFATLD
OSA
FPC
FG OSC
ATT
OSC
ESA
ATT
PD
Fig. 3.4: Basic experimental setup for microcomb generation. The pump laser is scanned over
the resonance mode from higher to lower frequency to generate a microcomb. Although not
shown in this ﬁgure, sometimes ASE noise from an EDFA is ﬁltered out by using a bandpass
ﬁlter. TLD: tunable laser diode, FG: electrical function generator, EDFA: erbium-doped ﬁber
ampliﬁer, ATT: optical variable attenuator, FPC: ﬁber polarization controller, PD: photodetector,
OSA: optical spectrum analyzer, OSC: oscilloscope, ESA: electrical spectrum analyzer.
1 Hyperbolic function: sechx = 2ex+e−x ,
d2
dx2
(sechx) = sechx(1 − 2sech2x)
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Fig. 3.5: Optical spectra and the photodetector signals while changing the microcomb states in a
silica rod microresonator. From the top to bottom, the pump laser is scanned to lower frequency
over the resonance mode. First, the coupled CW light builds up inside a microresonator that
generates primary comb lines via degenerate FWM. Second, sub comb lines are generated from
primary comb lines and overlap each other which causes noise in the photodetector signal.
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3.2.1 Microcomb generation and formation in microersonators
The basic experimental setup for microcomb generation is shown in Fig. 3.4. The ampliﬁed
CW laser, whose frequency is controlled with a function generator, is coupled to a high-Q
microresonator through a tapered ﬁber. The output light is monitored by using an optical
spectrum analyzer and photodetectors connected to an oscilloscope and an electrical spectrum
analyzer. Although not shown in Fig. 3.4, ampliﬁed spontaneous emission (ASE) noises from
an EDFA is sometimes ﬁltered out by using a bandpass ﬁlter. The pump laser is scanned over
the resonance mode from higher to lower frequency to generate a microcomb. This is because
the resonance frequency shifts to lower due to Kerr and thermal eﬀects. The scanning keeps the
pump-resonance coupling to generate Turing pattern, chaotic, and also soliton microcombs.
Figure 3.5 shows microcomb formation in a silica rod microresonator while scanning the
pump frequency from high to low (from the top to bottom). The microcomb formation follows
calculation results shown in Fig. 3.1. First, the CW pump laser is converted to a Turing pattern
comb when the intracavity power exceeds to the threshold for degenerate FWM. The positions
of ﬁrst sidebands are determined by the dispersion and pump detuning, as explained in §3.1.3.
Second, primary comb lines cause degenerate FWM that generates sub comb lines. Finally,
the sub comb lines overlap each other that make a noisy photodetector signal as shown at the
bottom of Fig. 3.5. This is because multiple comb lines exist in one resonance mode, due to
that the primary comb lines individually cause degenerate FWM processes in diﬀerent mode
spacings, as explained in Fig. 3.2. Finally, a soliton microcomb can be formed when the pump
frequency reaches to red-detuned side. Although I have not measured the microcomb spectrum
and photodetector signal in a soliton state, the transmission with soliton steps have observed,
which is introduced in §3.2.2.
To show typical microcomb spectra, I performed the experiment using silica rod and toroid
microresonators. Figures 3.6 and 3.7 show experimentally observed microcombs at chaotic
states. Typically, the broad bandwidth can be obtained with a microcomb that has large mode
spacings.
Silica rod microresonator
Mode spacing ~ 91 GHz
Pump
Fig. 3.6: Microcomb generation in a silica rod misroresonator which has a cavity FSR of around
91 GHz. The ASE noise was not ﬁltered out. The spikes (e.g. at 1494 nm) are caused by mode
coupling between diﬀerent transverse modes.
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Silica toroid microresonator
Mode spacing: 407.5 GHz
Pump
Fig. 3.7: Broadband microcomb generation in a silica toroid microresonator which has a cavity
FSR of 407.5 GHz. The 20 dB bandwidth, whose reference is the power of comb line next to
the pump, is 414 nm and the pump is 1547 nm. Basically, the bandwidth is limited by the cavity
dispersion, which is anomalous dispersion at the pump frequency and zero dispersion at higher
frequency side from the pump. The lower frequency side around 180 THz is ampliﬁed by the
assistance of Raman eﬀects.
3.2.2 Transmission and soliton steps while scanning pump laser
Measured transmission and soliton trapping while scanning a pump laser are in good agreement
with an LLE simulation result. Soliton steps, which indicate that a generated microcomb is
mode-locked and propagates as soliton pulses, were observed in polished MgF2 and silica rod
microresonators. The ampliﬁed CW laser is scanned from a short to a long wavelength by
controlling the applied voltage to the laser. Figure 3.8 shows the transmission data in a polished
MgF2 microresonator, which represent (a) a single and (b) multiple soliton steps. The optical
power at the steps are determined the soliton power such as the peak power and the number of
solitons inside a microersonator.
A chaotic comb is easy to measure due to the stable optical coupling at blue-detuned side
from the resonance that is assisted by thermal eﬀects. On the other hand, to keep the generation
of a soliton microcomb, the pump wavelength needs to be maintained to couple the resonance
mode at red-detuning side. However, as explained in §2.3.4, the red-detuned coupling becomes
unstable due to thermally induced resonance shift. Hence, MgF2 microresonators are compatible
with soliton microcomb generation due to the small thermo-optic coeﬃcient [39]. In addition,
to overcome the instability, feedback techniques need to be performed and a stable pump laser is
required (e.g. ﬁber lasers have better stability against frequency ﬂuctuation than external cavity
diode lasers) especially for high-Q microresonators because of its narrower cavity linewidth.
Another point to observe the soliton steps is that mode coupling with other transverse
modes around the pump mode should be avoided by selecting a suitable pump frequency and
engineering the cavity FSRs and dispersion values [147]. Figure 3.9 shows spectral envelopes
which are distorted by the mode couplings.
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(a) (b)Single soliton step
Polished MgF2
microresonator
Polished MgF2
microresonator
Multiple soliton steps
Fig. 3.8: Soliton steps (shown with red arrows) while scanning the pump frequency to lower
over the resonance mode in a MgF2 microresonator, which has a cavity FSR of 17.6 GHz. The
soliton steps can be observed with red-detuned pumping as explained in §3.1.4. The multiple
soliton steps indicate changing the number of soliton pulses inside a microresonator.
Mode coupling
Mode coupling
Fig. 3.9: Micrcomb spectra generated in a MgF2 microresonator. The spectral envelopes are
distorted by mode coupling between pump and other transverse modes. The mode coupling
around the pump mode sometimes disturbs the generation of soliton microcombs.
3.2.3 Linewidth of a generated comb linewith andwithout optomechanical
oscillations
To evaluate the linewidth of generated comb lines, I performed heterodynemeasurement between
a comb line and a reference laser. The pump and reference lasers are external-cavity diode
lasers (Santec TSL-510 and TSL-710), whose linewidths are 356 and 220 kHz, respectively
(the detail is shown in Appendix B). Figure 3.10 shows the experimental setup for the comb
linewidth measurement. A microcomb was generated from a toroid microresonator by scanning
the pump wavelength. The one comb line was ﬁltered out using a bandpass ﬁlter and was
interfered with the reference laser. Figure 3.11(a) shows ﬁltered comb power while scanning
the pump wavelength. The comb power drastically changed at the wavelength from (i) to
(ii), simultaneously with disappearing the optomechanics-induced signals. This behavior is
explained in §4.3. Figure 3.11(b) shows microcomb spectra at the wavelengths (i) and (ii),
whose yellow areas represent ﬁltered comb lines. Figure 3.11(c) shows heterodyne signals
between the ﬁltered comb line and the reference laser. When optomechanical oscillations
occurred at the wavelength (i), the heterodyne signal was very broad and weak. On the other
hand, when optomechanical oscillations did not occur at the wavelength (ii), the heterodyne
51
Chapter 3. Microresonator frequency combs (microcombs)
linewidth was hundreds of kilohertz that is same order as that of the pump and reference lasers.
Hence, the generated comb has same order or narrower compared with the pump laser. Also,
OMPOs cause the phase noise that broadens the linewidth of generated comb lines.
EDFATLD FPC
BPF
ESATLD
OSA
ESA
PD
PWM− dBm
Fig. 3.10: Experimental setup for comb linewidth measurement by interfering the microcomb
with a reference laser. A comb line is ﬁltered out using a bandpass ﬁlter and is combined with
the reference laser to measure the heterodyne signal. TLD: tunable laser diode, EDFA: erbium-
doped ﬁber ampliﬁer, FPC: ﬁber polarization controller, OSA: optical spectrum analyzer, PD:
photodetector, ESA: electrical spectrum analyzer, BPF: bandpass ﬁlter, PWM: power meter.
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(b)
(c)
(a)
Linewidth
~ hundreds kHz
(i)
(ii)
(i) (ii)
(i) (ii)
Fig. 3.11: (a) Filtered comb power while scanning the pump wavelength. The comb power
drastically changed at the wavelength from (i) to (ii). In this transition, the optomechanics-
induced signal in an electrical spectrum analyzer disappeared, whose behavior is explained in
§4.3. (b) Microcomb spectra generated from a toroid microresonator at wavelengths (i) and (ii).
The comb has a mode spacing that corresponds to the cavity FSR. The yellow areas represent
ﬁltered comb lines. (c) Heterodyne signals between the ﬁltered comb line and the reference
laser at the wavelengths (i) and (ii). At the wavelength (i) in optomechanical oscillations, the
heterodyne signal was very broad and weak. On the other hand, at the wavelength (ii) in no
optomechanical oscillations, the heterodyne linewidth was hundreds of kHz that is the same
order as that of the pump and reference lasers.
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Chapter 4
Suppression of optomechanical parametric
oscillation in a toroid microresonator
assisted by a microcomb
4.1 Introduction
4.1.1 Basic theory of cavity optomechanics
In this section, the basic theory of cavity optomechanics is explained to help in the understanding
of my research results. The following discussion on the basic theory of optomechanics follows
the work by Albert Schließer who studied ampliﬁcation and cooling of mechanical motion in a
toroid microresonator [148].
Radiation pressure backaction: static phenomena
A cavity optomechanical system is driven by the input ﬁeld sin(t) which excites the internal ﬁeld
a0(t) and oscillation of the resonator boundary x(t), as shown in Figs. 4.1(a) and (b). Since the
oscillation changes the cavity length, the eﬀective resonance frequency ωeﬀ0 (t) depends on the
displacement as
ωeﬀ0 (t) = ω0 + Gx(t) , (4.1)
where ω0 is the cold resonance frequency (which does not take account of resonance shift by
structure displacement and Kerr and thermal eﬀects) and G is the resonance frequency shift
per displacement as G ≡ ∂ω0/∂x. Here, a whispering-gallery mode resonator with a radius
R follows G = −ω0/R. Using Eq. (4.1), the optical coupling equation in Eq. (2.12) can be
rewritten as
da0(t)
dt
= − κ
2
a0(t) + i{ωp − (ω0 + Gx(t))}a0(t) +
√
κcsin(t) . (4.2)
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Ωm
ωp
Fig. 4.1: Illustrations of cavity optomechanical systems with (a) a Fabry-Pérot resonator and (b)
a whispering-gallery mode resonator. a0(t) and x(t) represent the internal ﬁeld and displacement
of the resonator boundary, respectively. (c) Anti-Stokes and Stokes light which is generated
from the pump laser with modulation at the oscillation frequency Ωm.
In addition, since the optomechanical oscillation can be regarded as damped and forced oscilla-
tion, the behavior is given by
d2x(t)
dt2
+ Γm
dx(t)
dt
+Ω2mx(t) = −
G
meﬀ
|a0(t)|2 , (4.3)
where Γm, Ωm, and meﬀ are the mechanical damping rate, the mechanical oscillation frequency,
and the eﬀective mass, respectively. Here, the radiation pressure force Frp(t), which is included
on the right-hand side in Eq. (4.3), follows as
Frp(t) = −G |a0(t)|2 . (4.4)
First, I calculate the static state in the optomechanical system with the constant input as
sin(t) = s¯in, which considers that the internal ﬁeld and displacement become constant values as
a0(t) = a¯0 and x(t) = x¯. Equations (4.2) and (4.3) can be written as
a¯0 =
√
κc
1
2 κ − i(Δω0 − Gx¯)
s¯in , (4.5)
x¯ = − G
meﬀΩ2m
|a¯0 |2 . (4.6)
Figure 4.2 shows one example of stationary solutions in an optomechanical system. Since the
radiation pressure pushes the boundary of the resonator which shifts the resonance frequency,
the bistable behavior can be achieved with a suﬃcient input power and a high-Q resonator.
Radiation pressure backaction: dynamic phenomena
Next, I analyze the dynamics with ﬂuctuations in the system around the equilibrium. The internal
ﬁeld a0(t) and displacement x(t) are represented as
a0(t) = a¯0 + δa0(t) , (4.7)
x(t) = x¯ + δx(t) , (4.8)
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(a) (b)
Fig. 4.2: Stationary solutions which are calculated with Eqs. (4.5) and (4.6) under the optome-
chanical system having κ/2π = 4 MHz, η = 0.5, ω0/2π = 193 THz, Ωm/2π = 40 MHz,
R = 30 μm, Pin = 0.2 mW, and meﬀ = 1 × 10−11 kg.
where a¯0 and x¯ are the stable equilibrium values and δa0(t) and δx(t) are the ﬂuctuations. Here,
the equilibrium detuning is deﬁned as
Δωeﬀ0 = ωp − (ω0 + Gx¯) . (4.9)
By substituting Eqs. (4.7)–(4.9) into Eqs. (4.2) and (4.3), the linearized equations with small
external force δF(t) can be obtained:
d
dt
δa0(t) =
(
− κ
2
+ iΔωeﬀ0
)
δa0(t) − iGa¯0δx(t) , (4.10)
d2
dt2
δx(t) + Γm ddt δx(t) +Ω
2
mδx(t) = −
G
meﬀ
a¯0{δa0(t) + δa∗0(t)} +
δF(t)
meﬀ
. (4.11)
Here, it is assumed that the terms with δa0(t)δx(t) or |δa0(t)|2 are neglected and a¯0 = a¯∗0 is
satisﬁed. These equations can be easily solved in the frequency domain by utilizing Fourier
transformation:
− iΩδa0(Ω) =
(
− κ
2
+ iΔωeﬀ0
)
δa0(Ω) − iGa¯0δx(Ω) , (4.12)
− iΩδa∗0(Ω) =
(
− κ
2
− iΔωeﬀ0
)
δa∗0(Ω) + iGa¯0δx(Ω) , (4.13)
(−Ω2 − iΓmΩ +Ω2m)δx(Ω) = −
G
meﬀ
a¯0{δa0(Ω) + δa∗0(Ω)} +
δF(Ω)
meﬀ
. (4.14)
Here δa∗0(Ω) = {δa0(−Ω)}∗ is used. The amplitude of anti-Stokes and Stokes sidebands at the
bandwidth frequency Ω can be given by
δa0(Ω) = −iGa¯01
2 κ − i(Δωeﬀ0 +Ω)
δx(Ω) , (4.15)
δa∗0(Ω) =
iGa¯0
1
2 κ + i(Δωeﬀ0 +Ω)
δx(Ω) . (4.16)
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The amplitude modulation of the internal ﬁelds induces the radiation pressure force as
δFrp(Ω)= − Ga¯0{δa0(Ω) + δa∗0(Ω)}
= G2a¯20
{
Δωeﬀ0 +Ω
1
4 κ
2 + (Δωeﬀ0 +Ω)2
+
Δωeﬀ0 −Ω
1
4 κ
2 + (Δωeﬀ0 −Ω)2
}
δx(Ω)
+ iG2a¯20
{
1
2 κ
1
4 κ
2 + (Δωeﬀ0 +Ω)2
−
1
2 κ
1
4 κ
2 + (Δωeﬀ0 −Ω)2
}
δx(Ω) . (4.17)
The radiation pressure force in an optomechanical system induces dynamical behavior, which
is known as dynamical backaction [132]. As shown in Eq. (4.14), the real and imaginary parts
correspond to the mechanical damping rate Γm and oscillation frequency Ωm. Therefore, by
substituting Eq. (4.17) into Eq. (4.14), the eﬀective mechanical damping rate Γeﬀ and eﬀective
oscillation frequency Ωeﬀ are obtained as
Γeﬀ = Γm + Γopt
= Γm +
G2a¯20
meﬀΩm
{
1
2 κ
1
4 κ
2 + (Δωeﬀ0 +Ωm)2
−
1
2 κ
1
4 κ
2 + (Δωeﬀ0 −Ωm)2
}
= Γm + a¯20g
2
om
{
κ
1
4 κ
2 + (Δωeﬀ0 +Ωm)2
− κ1
4 κ
2 + (Δωeﬀ0 −Ωm)2
}
, (4.18)
Ωeﬀ = Ωm +Ωopt
= Ωm +
G2a¯20
2meﬀΩm
{
Δωeﬀ0 +Ωm
1
4 κ
2 + (Δωeﬀ0 +Ωm)2
+
Δωeﬀ0 −Ωm
1
4 κ
2 + (Δωeﬀ0 −Ωm)2
}
= Ωm + a¯20g
2
om
{
Δωeﬀ0 +Ωm
1
4 κ
2 + (Δωeﬀ0 +Ωm)2
+
Δωeﬀ0 −Ωm
1
4 κ
2 + (Δωeﬀ0 −Ωm)2
}
, (4.19)
gom = G·xZPF = −ω0R ·
√

2meﬀΩm
, (4.20)
where gom is the optomechanical single-photon coupling strength and xZPF is the mechanical
zero-point ﬂuctuation amplitude.
Optomechanical parametric oscillations
Vladimir B. Braginsky predicted that optical-mechanical mode coupling can lead to optomechni-
cal parametric oscillations (OMPOs) due to the radiation pressure [149]. Since the optomechan-
ical ampliﬁcation and damping are expressed in Eq. (4.18), OMPOs occur when the eﬀective
damping rate Γeﬀ is a negative value. Figure 4.3 shows an example of a calculated eﬀective
damping rate whose parameters follow the microresonator in Fig. 4.4(b). Also, the input power
and coupling parameter η are 0.2 mW and 0.5, respectively. As shown in Fig. 4.3, the calculated
eﬀective damping rates with κ of 0.5Ωm and Ωm reach a negative value when the Δω0/Ωm is
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between 0.2 to 1.2. In this blue-detuned regime, OMPO occurs and the measured eﬀective
damping rate becomes close to zero hertz.
Γm
Fig. 4.3: Calculation of an eﬀective damping rate using Eq. (4.18) whose calculation parameters
follow the microresonator in Fig. 4.4(b). Also, the input power and coupling parameter η are
0.2 mW and 0.5, respectively. The linewidths of optical mode are set to 0.5Ωm (red), Ωm
(green), and 2Ωm (blue). The black dashed line denotes the mechanical damping rate. In the
blue-detuned regime with Γeﬀ < 0, OMPOs occur and the measured eﬀective damping rate
becomes close to zero hertz
4.1.2 Measurement and simulation of mechanical modes in toroid mi-
croresonators
A silica toroid microresonator is a suitable platform for observation of OMPOs thanks to its
high-Q and micron-size. To evaluate the properties of mechanical modes and observe OMPOs
experimentally, I excited a toroid microresonator with a CW laser through a tapered ﬁber and
measured the output light using a photodetector connected to an electrical spectrum analyzer.
Since the output light is modulated with the oscillation, the photodetector signal has modulation
peaks in the frequency domain (typically tens of megahertz in toroid microresonators). In addi-
tion, since the optomechanical coupling excites the eigenmode in mechanical modes depending
on the structure, the excited mechanical mode can be simulated and estimated by using ﬁnite
element simulation. Here, I used the software "COMSOL Multiphysics" as a ﬁnite element
simulation solver. As shown in 2.28, the simulated mechanical frequency is in good agreement
with measured one.
When pumping with a weak power (below the threshold for OMPOs) and a large detuning
(|Δω0 |  Ωm), a mechanical damping rate can be obtained by measuring the linewidth of the
mechanical mode. Figure 4.4 shows measured photodetector signals induced by the optome-
chanical oscillations in diﬀerent microresonator structures: (a) before and (b) after additional
XeF2 gas etching to the silicon pillar, as shown in the inset microscope images. Hence, mi-
croresonator structures (including the diameter, minor diameter, and thickness of silica disk) are
the same except for diameter of the silicon pillar. A thiner pillar leads to a narrower linewidth
(higher mechanical Q factor) and a lower mechanical frequency. The mechanical Q factor (Qm)
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is deﬁned as
Qm = Ωm/Γm . (4.21)
In addition, a microresonator structures determines an eﬀective mass which can be calculated
with a ﬁnite element simulation:
meﬀ =
ρ
∭
x2dV
x2max
. (4.22)
Here ρ is the material density (2.2 × 103 kg/m3 in silica), x is the displacement, and xmax is
the maximum displacement. The toroid microresonators shown in Fig. 4.4 have the eﬀective
masses of 4.7 × 10−11 kg (before etching) and 2.7 × 10−11 kg (after etching). Figure 4.5 shows
(a) measured photodetector signals that depend on the detuning between pump and resonance
frequencies, and (b) the detail of the signals. When the pump frequency is scanned to lower in
the blue-detuned regime, mechanical mode is excited ﬁrst (green) and then OMPO occurs (red).
(a) (b)
Γm/2π = 450 kHz Γm/2π = 40 kHz
Simulated mechanical mode Simulated mechanical mode
Before XeF2 etching After XeF2 etching
RBW: 30 kHz RBW: 30 kHz
Fig. 4.4: Measured mechanical modes in a toroid microresonator (a) before and (b) after XeF2
etching. Before (after) the etching, the toroid microresonator has a diameter of 117 μm, a
minor diameter of 7.6 μm, a disk thickness of 2 μm, and a pillar diameter of 80.7 μm (17.5 μm).
Since mechanical parameters depend on the microresonator structure, the mechanical oscillation
frequency, mechanical damping rate, and eﬀective mass are changed. The measured mechanical
frequency Ωm/2π is 40.4 MHz (26.9 MHz), which is in good agreement with simulation results
of 41.9 MHz (26.7 MHz). The measured damping rate Γm/2π and calculated eﬀective mass
meﬀ are 450 kHz (40 kHz) and 4.7× 10−11 kg (2.7× 10−11 kg), respectively. Red lines represent
Lorentzian functions. The bottom ﬁgures show simulated mechanical modes.
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(a) (b)
Smaller
blue-detuning
Smaller
blue-detuning
RBW: 1 MHz RBW: 3 kHz
Fig. 4.5: (a) Measured photodetector signals that depend on the detuning between pump and
resonance frequencies, and (b) the detail of the signal. When the pump frequency is scanned
to lower in the blue-detuned regime, mechanical mode is excited ﬁrst (green) and then OMPO
occurs (red).
4.1.3 Motivation
Fig. 4.6: Ampliﬁcation and damping mechanisms in an optomechanical coupled system. Op-
tomechanical oscillation is suppressed (ampliﬁed) when the light is coupled to the resonance
with red-detuning (blue-detuning). When a Turing pattern comb is generated, the pump line is
always at blue-detuning and the generated comb lines are at red-detuning. Since the pump line
and all the generated comb lines contribute to the cavity optomechanical behavior, the system
may exhibit ampliﬁcation and suppression depending on the parameters.
A high-Q toroid microresonator pumped with a CW laser leads to a strong circulating
power inside the microresonator. The high optical density causes radiation pressure, which
excites the mechanical oscillation modes in the microresonator structure and leads to OMPOs
[78, 133]. Figure 4.6 shows the ampliﬁcation and damping mechanisms caused by symmetric
optomechanical sidebands. This illustration includes two new photon generation processes.
The ﬁrst is optomechanical oscillation, which generates Doppler-shifted photons at blue and
red sidebands. When pumping with blue-detuning (the pump has a higher frequency than the
resonance), the resonance suppresses the blue sideband and enhances the red sideband. In
this case, the optomechanical oscillation is enhanced. On the other hand, the optomechanical
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oscillation is suppressed when pumping with red-detuning (the pump has a lower frequency
than the resonance). The second process is FWM, which generates photons in other resonances
with equal mode spacings. Pump scanning from a high to a low frequency is employed for
FWM generation because the resonance frequency is shifted by thermal and Kerr eﬀects. Here
Turing pattern combs (also known as primary combs) [52,150,151] are generated, whose pump
line was always on the blue-detuned side [39, 142]. Therefore, in theory, the microresonator
structure should oscillate if only the inﬂuence of the strong pump light is considered. However,
the key is that the generated comb lines also inﬂuence the optomechanical ampliﬁcation and
damping. While generating a microcomb (Turing pattern comb), the suppression of OMPO is
both expected and observed as shown in the next section. Here the author tries to understand
the cavity optomechanical behavior when a microcomb is generated in a toroid microresonator.
4.2 Experimental observation of suppression of optomechan-
ical parametric oscillation
Figure 4.7(a) shows our experimental setup. Ampliﬁed CW light, whose polarization was
aligned with a polarization controller, was coupled to a silica toroid microresonator using a
tapered ﬁber. The output light was monitored using an optical spectrum analyzer and two
photodetectors connected to an oscilloscope and an electrical spectrum analyzer. In addition,
a weak probe laser was launched into a microresonator in the counter direction to measure the
detuning values between the resonance and generated comb line frequencies while generating a
microcomb. Figure 4.7(b) shows a resonance mode with a beat signal between the probe laser
and the comb line. The measured detuning was calibrated using a ﬁber MZI with a FSR of
19.7 MHz.
Table 4.1 summarizes the parameters of the microresonator structure and the mechanical
properties. The minor radius is that of the cross section of a toroidal structure. Ωm/2π is the
mechanical oscillation frequency. The eﬀective mass (meﬀ) was calculated by using a ﬁnite
element simulation, whose mechanical mode is shown in Fig. 4.7(a) (inset). The calculated
mechanical frequency is in good agreement with the measurement (Ωm/2π = 40 MHz). In the
experiment, a tapered ﬁber was brought into contact with the microresonator surface to realize a
stable coupling condition that reduced the mechanical Q from 130 to 100 [152] (The calculation
of mechanical modes did not take the ﬁber into account). The optical intrinsic Q (Qi) of the
modes used for the microcomb generation was about 1 × 107.
Figure 4.7(c) shows the dispersion of the transversemode used for themicrocomb generation,
which was obtained from the FSR distances. The cold resonant frequencies are given with
Table. 4.1: Parameters of the toroid microresonator used in this experiment
Radius Minor radius Pillar radius Ωm/2π Qm meﬀ (calculation)
59 μm 4.5 μm 40 μm 40 MHz 100 3.3×10−11 kg
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Fig. 4.7: (a) Experimental setup for microcomb generation and measurement of detuning
between resonance and comb line frequencies. During microcomb generation, a weak probe
laser was scanned through the resonance in the counter direction to the pump laser. The
inset shows a mechanical mode excited in this experiment and whose frequency is calculated
as 40 MHz by using a ﬁnite element simulation. TLD: tunable laser diode, EDFA: erbium-
doped ﬁber ampliﬁer, FPC: ﬁber polarization controller, OSA: optical spectrum analyzer, PD:
photodetector, OSC: oscilloscope, ESA: electrical spectrum analyzer, MZI: ﬁber Mach-Zehnder
interferometer, BPF: tunable bandpass ﬁlter. (b) Resonance mode proﬁle with a beat signal
between the probe laser and the comb line (green), whose detuning was calibrated using a ﬁber
MZI (gray). (c) Measured dispersion of the transverse mode used for microcomb generation
(blue points) with respect to the mode number oﬀset from the pump mode. The red curve is
a parabolic ﬁtting using a D2/2π value of 17 MHz. The deviated points are shifted by mode
coupling with other transverse modes.
relative mode number μ (the pump mode corresponds to μ = 0) as
ωμ = ω0 + D1μ +
1
2
D2μ2 + · · · , (4.23)
which is explained in §2.1.1. The dispersion of the transverse mode used for the microcomb
generation is anomalous; the values are D1/2π = 560.5 GHz and D2/2π ≈ 17 MHz. The higher
order terms are negligible.
Figure 4.8(a) shows the transmission power when scanning the pump laser from a short to a
long wavelength. The cold resonance wavelength was 1560.85 nm, which corresponds to a 0 ms
scan time. The total Q (Q) was about 3.5×106. Figures 4.8(b) and 4.8(c) show typical measured
optical spectra and radio frequency (RF) signals in states (i), (ii), and (iii). First, neither a
microcomb nor an OMPO was observed in state (i) because the intracavity power was below the
threshold. Then RF signals at multiples of 40MHz appeared in state (ii), which is the result of the
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Fig. 4.8: (a) Transmission when scanning pump laser from a short to a long wavelength. The
pump power was 280 mW. In state (ii), OMPOs occurred without microcomb generation, which
caused the transmission ﬂuctuation. After a Turing pattern comb generation, the ﬂuctuation was
suppressed as shown in state (iii). (b) and (c) Typical measured optical spectra and detected RF
signals in state (i), (ii) and (iii). The RF signal in state (ii) had harmonics of 40 MHz, which
was in agreement with a calculated mechanical frequency.
OMPO excited by the CWpump. The oscillation frequency agrees with the calculated frequency
of themechanicalmode shown in the inset of Fig. 4.7(a). Since nomicrocomb has been generated
at this condition, the transmission ﬂuctuation in state (ii) was caused solely by the OMPO. Then
a microcomb starts to appear in state (iii) which was a Turing pattern microcomb that had a
smooth envelope with a mode spacing of 3-FSR (= 560.5 GHz × 3). Surprisingly, the OMPO
was suppressed after the comb was generated. Since a Turing pattern comb is generated via a
strong blue-detuned pump, the microresonator structure should oscillate only if the inﬂuence
of the pump light is considered. Our observation of the suppression of the optomechanical
oscillation indicates that the generated comb lines inﬂuenced the optomechanical behavior in
the toroid microresonator, as predicted in Fig. 4.6. In the next section, I compare the mechanical
and optomechanical damping rates by taking generated comb lines into account.
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4.3 Discussion on experimental observations
4.3.1 Model of multi-optomechanical coupling
The optomechanical behavior of amicroresonator is deﬁned by the eﬀectivemechanical damping
rate (Γeﬀ) [14, 134]. The eﬀective damping rate obeys the following relationship between the
mechanical (Γm) and optomechanical (Γopt) damping rates:
Γeﬀ = Γm +
∑
μ
Γopt,μ . (4.24)
The optomechanical damping rate is given by
Γopt,μ = |aμ |2gom2
{
κ
1
4 κ
2 + (Δωμ +Ωm)2
− κ1
4 κ
2 + (Δωμ −Ωm)2
}
, (4.25)
where |aμ |2 is the number of photons circulating inside the microresonator, which is coupled
to the resonant mode μ (ωμ |aμ |2 × D1/2π corresponds to the circulating power).  is the
Planck constant divided by 2π. κ is the optical cavity decay rate (= ω0/Q) and Δωμ/2π is the
detuning between the coupled light and resonance frequencies at resonance mode μ. gom is the
optomechanical single-photon coupling strength:
gom = G · xZPF = ω0R ·
√

2meﬀΩm
. (4.26)
G is the resonance angular frequency shift per displacement, xZPF is the mechanical zero-point
ﬂuctuation amplitude, and R is the cavity radius. κ and gom are regarded as independent of the
resonance mode μ. Since the optomechanical damping rate can be both positive and negative,
the eﬀective damping rate increases or decreases depending on the sign. The change in the
eﬀective damping rate leads to the ampliﬁcation or damping of the mechanical motion. Note
that Γeﬀ < 0 induces an OMPO, which causes a large change in the photodetector signal in the
RF regime as shown in Fig. 4.8(c).
4.3.2 Excitation of mechanical mode with continuous-wave
I calculated the eﬀective damping rate by using Eq. (4.24) but with a single resonance mode
(Γeﬀ = Γm + Γopt,0) that assumes there is no FWM generation. The number of photons |a0 |2 is
obtained from a coupled mode equation, such as,
|a0 |2 = κc1
4 κ
2 + Δω20
|sin |2 , (4.27)
where sin is the input ﬁeld (ω0 |sin |2 corresponds to the input power), κc is the optical coupling
rate to the waveguide (= ω0/Qc), Qc is the coupling Q, which has the relation Q−1 = Q−1i +Q−1c .
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The calculation parameters were chosen to follow the experimental condition. The mechanical
damping rate Γm/2π was 40 kHz, which obeys Γm = Ωm/Qm. By taking all the parameters
into account, the pump detuning range for OMPO (Γeﬀ < 0) was calculated to have a 7 kHz
to 355 MHz range. Since this analytical approach can be applied when the system is pumped
with a CW light, the transition from state (i) to (ii) in Fig. 4.8(a) should occur when the pump
approaches a detuning of 355 MHz. According to this CW pump model, the OMPO should
remain even in the detuning range of state (iii), if no FWM process has occurred and only the
pump light inﬂuenced the system. However, this is not the case with the experiment as shown in
Fig. 4.8. Since the photons in the pumpmodewere converted to other resonancemodes via FWM
in the experiment, the excitation of the optomechanical mode with multi-optical resonances is
needed to be taken into account.
4.3.3 Excitation of mechanical mode with microcomb
It is straightforward to analyze the optomechanical behavior of a toroid microresonator excited
with a single frequency by using Eqs. (4.24) and (4.25). On the other hand, it is not easy
to couple an LLE directly with Eq. (4.25), because the eﬀective detuning and the intracavity
photon number are needed to be obtained while generating a microcomb. It should be noted
that Δωμ in Eq. (4.25) is the eﬀective detuning. Here, instead of the full calculation approach,
I calculated the eﬀective damping rate by assuming that the shape of the Turing pattern comb
does not change with respect to the detuning. The intracavity photon numbers of the comb
lines were obtained from the LLE calculation, and the eﬀective pump detuning was measured
in the experiment. The other detuning values of the comb sidebands (generated comb lines) are
obtained by assuming the comb has a mode spacing of D1/2π, which was conﬁrmed with the
measurement.
First, to obtain the numbers of photons in each resonance mode, I use an LLE model as given
by [135,138,139,153]
∂a(φ, t)
∂t
= − κ
2
a + iΔωcold,0a + i
D2
2
∂2a
∂φ2
+ ig |a|2a + √κcsin , (4.28)
where a(φ, t) is the internal ﬁeld including the multi resonance mode (|a|2 indicates the in-
tracavity photon numbers in the modes), φ is the angular coordinate in a microresonator, t
is the slow time, Δωcold,0 is the cold pump detuning, and g is the nonlinear coeﬃcient as
g = (ω20n2D1)/(2πn2Aeﬀ). n2 is the nonlinear refractive index of silica and Aeﬀ is the eﬀective
mode area. The toroid microresonator has an eﬀective mode area of 12 μm2. The output ﬁeld
is given as √κca − sin. Figure 4.9(a) shows the calculated output spectrum for a Turing pattern
comb, which is in good agreement with the experiment shown in state (iii) of Fig. 4.8(b). The
red points in Fig. 4.9(a) show the number of photons inside the microresonator in each resonant
mode.
Next, I measured the eﬀective detuning Δωμ of the pump and the generated comb lines in a
hot microresonator. So, I performed a detuning measurement while generating a 3-FSR Turing
pattern comb by launching a probe laser in the counter direction [142]. The detuning values of
the pump laser (μ = 0) and the ﬁrst sidebands (μ = ±3) were measured as shown in Fig. 4.9(b)
66
4.3. Discussion on experimental observations
Fig. 4.9: (a) Measured and calculated output optical spectra of Turing pattern combs in state (iii)
(blue lines). The black dash lines show the optical powers of calculated comb lines (μ =
0,±3,±6), which are in good agreement with the experiment. The red points show the photon
numbers inside a microresonator (log scale). (b) The green points represent measured detuning
values from each resonance frequency when generating a 3-FSR Turing pattern comb. The
pump detuning was 47 MHz. The pump was blue-detuned and the generated comb lines were
red-detuned, which follow the microresonator dispersion (green curve) measured in Fig. 4.7(c).
In the condition for generating a comb shown in Fig. 4.8(b), the calculated pump detuning for
OMPO (Γeﬀ < 0) was from 51 to 222 MHz in the blue-detuned side.
(green points). Since FWM occurs with frequency spacing at multiple of D1/2π, the angular
frequencies of comb lines are given by ωp + D1μ (ωp is the pump angular frequency). Hence
the detuning of the generated comb lines should follow the cavity dispersion as follows
Δωμ = (ωp + D1μ) −
(
ω0 + D1μ + 12D2μ
2) (4.29)
= Δω0 − 12D2μ2 . (4.30)
Indeed the measured detuning in Fig. 4.9(b) is in good agreement with the cavity dispersion (red
line) obtained from the measurement shown in Fig. 4.7(c). Figure 4.9(b) shows that the pump
laser was at blue-detuning and the sidebands were at red-detuning. These three lines have a
strong inﬂuence on the optomechanical damping rate because of the relatively high power and
the detuning.
It should be noted that, when the Turing pattern comb appears, all the generated comb lines
are always in the red-detuning regime except for the pump light in an anomalous dispersion
microresonator (D2 > 0). Hence the generated comb lines are always contributing to the
suppression of the OMPO as illustrated in Fig. 4.6. To conﬁrm the validity of our model, I
calculated an eﬀective mechanical damping rate using Eq. (4.24). I used the measured pump
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Threshold for OMPO
Fig. 4.10: Damping rates of each value in Eq. 4.24 as a function of the pump detuning. The
light blue curves represent optomechanical damping rates induced by comb lines with μ = 0
(pump), ±3,±6. The blue curve represents sum of the optomechanical damping rates. The
blue, red, and green curves represent sum of the optomechanical damping rates, the mechanical
damping rate, and the eﬀective damping rates, respectively. The larger detuning than threshold
for OMPO (black dashed line) corresponds to the blue shaded area in Fig. 4.9 that denotes the
OMPO excitation.
detuning (Δω0/2π = 47 MHz) in state (iii) of Fig. 4.8(b). The detuning values for the generated
comb lines are obtained with Eq. (4.30). The number of photons inside the microresonator is
obtained from Fig. 4.9(a). The calculated pump detuning for OMPO (Γeﬀ < 0) was in the 51
to 222 MHz range shown in Fig. 4.9(b). The measured detuning was smaller than 51 MHz
(i.e. outside the OMPO range), which indicates the suppression of the OMPO and explains the
experimental behavior well. Figure 4.10 shows damping rates of each value in Eq. (4.24). The
larger detuning than threshold for OMPO (black dashed line) corresponds to the blue shaded
area in Fig. 4.9 that denotes the OMPO excitation. The calculation result is in good agreement
with the experiment observation and our simple model suﬃciently explained that the OMPO
could be suppressed under the condition in state (iii) of Fig. 4.8.
4.4 Measurement and calculation with a diﬀerent toroid mi-
croresonator
In this section, I performed the same measurement and calculation using a diﬀerent toroid mi-
croresonator to show that our simple model is valid even when a cavity with diﬀerent parameters
is used. Figure 4.11 shows microscope images of toroid microresonators used in §4.2 (left) and
this section (right). The mechanical properties of the microresonator are shown in Table 4.2.
The total Q was about 2 × 106 and the cavity dispersion D2/2π was 50 MHz in the toroid
microresonator used in this section.
Figures 4.12(a)–(c) show the transmission power, optical spectra, and RF beat signals while
scanning a pump laser. In state (iv), I observed a 3-FSR Turing pattern comb (= 970.6 GHz ×3)
without the RF signal induced by OMPO. The green points in Fig. 4.12(d) show the measured
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Table. 4.2: Parameters of the toroid microresonator that provided the results in Fig. 4.12
Radius Minor radius Pillar radius Ωm/2π Qm meﬀ (calculation)
34 μm 2.3 μm 1.7 μm 46 MHz 1100 1.2×10−11 kg
50 μm50 μm
Main Supplement
Fig. 4.11: Optical microscope images of toroid microresonators used in §4.2 (left) and this
section (right).
detuning values, which followed the microresonator dispersion (D2/2π = 50 MHz), when
generating the comb shown in state (iv). The calculated pump detuning for Γeﬀ > 0 (suppression
of the OMPO) in the blue-detuned side was from 139 to 219 MHz, which I obtained by assuming
the optical spectrum power in state (iv). The measured pump detuning (Δω0/2π = 191 MHz)
stayed within the calculated detuning range. On the other hand, in our analysis of a CW case, the
calculated pump detuning values for Γeﬀ > 0wereΔω0/2π >755MHz andΔω0/2π < 0.19 kHz.
Hence the diﬀerent microresonator also suppressed the OMPO assisted by a Turing pattern comb
even though the transmittance signal in Fig. 4.12(a) behaved diﬀerently from that in Fig. 4.8.
The diﬀerence is due to the presence of states (iii) and (v) where the OMPO is not fully
suppressed even after the generation of the comb (due to the strong inﬂuence of the pump line).
This behavior is mainly due to the large cavity dispersion. FWM starts to occur at a pump
detuning of 225 MHz, which is determined by cavity dispersion, optical Q, and input power. It
should be noted that FWM at 3-FSR starts to occur when the red curve in Fig. 4.12 approaches
the zero detuning line at μ = ±3. So the system starts to exhibit the suppression of OMPO.
However, with these cavity parameters, the damping provided by the two FWM sidebands was
insuﬃcient to completely stop the OMPO (state (iii)). Then the OMPO stops when the input
laser is further scanned (state (iv)) because the detuning values of two FWM sidebands were
close to the mechanical frequency. Finally, the microresonator oscillates again because the
inﬂuence of the pump becomes much larger than that of the two FWM sidebands when the
detuning is further decreased (state (v)).
Although the behavior in Fig. 4.12 is diﬀerent from Fig. 4.8, it could be explained by using
the same model. The critical parameter for this behavior was not a higher mechanical Q but
the dispersion and mode number for the ﬁrst comb sidebands. Here a Turing pattern comb
formed again after the generation of sub-comb lines, that was often observed in our experiment.
Although this formation has not been well understood, the author thinks it is due to the inﬂuence
of cavity optomechanics because sub-comb lines generated with optomechanical oscillations
and a Turing pattern comb formed without the oscillations.
69
Chapter 4. Suppression of optomechanical parametric oscillation in a toroid microresonator
assisted by a microcomb
Fig. 4.12: (a) Transmission when scanning the pump laser with a diﬀerent toroid microresonator
of which parameter is given in Table 4.2. The power ﬂuctuation was suppressed in state (iv).
The pump power was 320 mW. (b) and (c) Typical measured optical spectra and RF signals in
state (i)-(v). Although a 3-FSR Turing pattern comb was generated in state (iv), small sub-comb
lines were observed in state (iii) and (v) with RF signals induced by the OMPO. (d) The green
points represent measured detuning values from each resonance frequency when generating a
3-FSR Turing pattern comb, which follow the microresonator dispersion (green curve). In the
condition for generating the comb shown in state (iv), whose pump detuning was 191 MHz, the
calculated pump detuning for Γeﬀ > 0 was from 139 to 219 MHz in the blue-detuned side.
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4.5 Temporal behavior of transmission powerwith highpump
power
In the previous research [81], the model to calculate temporal behavior of transmission in
optomechanical oscillations was based on a coupled mode equation with a motion equation.
This model did not take account of Kerr eﬀects. However, with high pump power, the resonance
shift that is caused by the Kerr eﬀect cannot be ignored because the Kerr eﬀect response is faster
than the optomechanical oscillation frequency. Here I added the Kerr eﬀect term to the model
and compared the calculation with experimental results.
The motion equation for the displacement in the radial direction x(t) is given by Eq. (4.3).
The internal ﬁeld a0(t) can be expressed with the displacement and Kerr eﬀect as
da0(t)
dt
= − κ
2
a0(t) + i
{
ωp − ω0
(
1 − x(t)
R
− ΔnKerr(t)
n
)}
a0(t) +
√
κcsin , (4.31)
where ΔnKerr(t) is the refractive index change caused by Kerr eﬀects, which follows Eq. (2.35).
Note that this calculation model does not include thermal eﬀects because the response time
of thermal eﬀects is much slower than those of optomechanical oscillations and Kerr eﬀects.
Figure 4.13 shows the experimental and calculated results. This experiment was performed
under the same conditions as those used in Fig. 4.8 except that Qc = 2.3 × 106. In addition, the
pump was applied at a power (200 and 240 mW) that is slightly smaller than the threshold power
for FWM. The calculated and experimental results are in good agreement, which indicates that
the Kerr eﬀect strongly inﬂuences the resonance shift during optomechanical oscillation. This
model can explain the transmission power shape even when the pump power is high.
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Fig. 4.13: Measured and calculated transmission with pump powers of 200 and 240 mW. The
calculated and experimental results agree well because the fast Kerr eﬀect is taken into account.
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4.6 Summary
The author demonstrated the suppression of OMPOs with a Turing pattern comb, which was
generated by a blue-detuned pump from the resonance frequency. When only the inﬂuence of the
blue-detuned pump light is considered, optomechanical oscillations are always ampliﬁed. On the
other hand, the suppression of OMPO with a Turing pattern comb can be explained and achieved
by assisting the inﬂuence of all the comb lines, which are in the red-detuning regime. In addition,
this study provides a guideline of designing microresonator properties by using the LLE and
equation for calculating eﬀective damping rate. To control the properties of cavity dispersion
and also threshold power for degenerate FWM (related to an optical Q factor) enables OMPO
suppression and microcomb generation that has low phase noise in optomechanical coupling
systems. In addition, on the basis of this study, it is considered that soliton microcombs will
achieve eﬃcient damping because the pump and comb lines are both in the red-detuned regime.
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Broadband gain induced Raman comb
formation in a silica microresonator
5.1 Introduction
5.1.1 Raman response function in silica
Stimulated Raman scattering (SRS) is an optical nonlinear process that can generate red-shifted
light from pump light via the interaction between light and molecular vibrations. The temporal
form of a Raman gain function and the Raman gain spectrum are determined by the vibration
modes of the host material. Silica glass has thirteen vibration modes which result in a broad
and complex Raman gain spectrum [126, 154]. A Raman gain spectrum corresponds to the
imaginary part of the Fourier transform of the temporal form hR(t˜). The approximate temporal
form can be written as [126]
(a) (b)
~
Fig. 5.1: (a) Temporal form of the Raman response function in silica. (b) Raman gain spectrum,
which is obtained with the imaginary part of the Fourier transform of hR(t˜), in silica at 1550 nm.
The gain intensity is in inverse proportion to the wavelength.
73
Chapter 5. Broadband gain induced Raman comb formation in a silica microresonator
hR(t˜) =
(
τ−21 + τ
−2
2
)
τ1 exp
(
− t˜
τ2
)
sin
(
t˜
τ1
)
, (5.1)
where τ1 = 12.2 fs and τ2 = 32 fs. However, in this thesis, I use a more exact description of the
Raman response function by following Ref. [154], whose results are shown in Fig. 5.1. Owing to
the complex Raman gain spectrum in silica, the generated Raman comb usually exhibit complex
spectrum shape and is unstable.
5.1.2 Motivation
Here the author studied the detailed dynamics of Raman comb formation in silica rod microres-
onators, which have cavity FSRs in microwave rates. The author particularly focused on the
frequency shift within the Raman gain having two large peaks at 13.2 THz (Peak 1) and 14.7 THz
(Peak 2). Silicamicroresonators with a small cavity FSR (large diameter) were used for this study
because a large number of resonant modes is present within the Raman gain spectrum. In our
experiment, the author excited one of the speciﬁc peaks and tried to generate a Raman comb with
a smooth spectrum envelope by controlling the pump detuning and the coupling strength. In ad-
dition, good understanding on the Raman comb formation is even important for comb generation
via FWM because these processes compete inside a microresonator [90,101,102,104–106,155].
The generation scheme with SRS is diﬀerent from that with FWM.
5.2 Raman comb generation in a silica rod microresonator
Figure 5.2(a) shows our experimental setup. A CW laser light with 100 kHz linewidth was
ampliﬁed and then coupled to a silica rod microresonator by using a tapered ﬁber. The coupling
strength was adjusted by changing the ﬁber position. Silica rod microresonators with an intrinsic
Q (Qi) over 100 million were fabricated by using CO2 laser processes [116, 156]. I used a
microresonator having a diameter of 3.6 mm, which corresponds to a cavity FSR of 18.2 GHz,
to study Raman comb formation in microwave rate. The pump light was scanned from a short to
a long wavelength to generate the Raman comb, because the resonance was shifted via thermal
eﬀects [120]. The output light was monitored with an optical spectrum analyzer. In addition,
the Raman comb was to measure its beatnote signal by using a 20 GHz photodetector connected
to an electrical spectrum analyzer.
Figure 5.3 shows output power of pump (blue) and Raman (green) light from the silica rod
microresonator while scanning the pump frequency. As shown with the black dashed line and
green shadowed area, the Raman comb started to generate when the pump laser was suﬃciently
coupled to the resonance. Figure 5.2(b) shows the measured optical spectra while generating
a Raman comb with under coupling condition. The pump energy at 1540 nm was transferred
to longer wavelength components around 1665 nm via SRS. The red line shows the theoretical
Raman gain spectrum when the the pump is located at 1540 nm. With 1540.0 nm pumping, the
two peaks, Peak 1 (13.2 THz shift) and 2 (14.7 THz shift), locates at wavelength of 1651.9 and
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Fig. 5.2: (a) Experimental setup for Raman comb generation. TLD: tunable laser diode, FG:
electrical function generator, EDFA: erbium-doped ﬁber ampliﬁer, BPF: bandpass ﬁlter, PC:
polarization controller, LWPF: longwave-pass ﬁlter, PD: photodetector, OSA: optical spectrum
analyzer, OSC: oscilloscope, ESA: electrical spectrum analyzer. The inset shows a silica rod
microresonator with a cavity FSR of 18.2 GHz. (b) Optical spectra (blue) and a theoretical
Raman gain pumped at 1540 nm (red). Raman gain has two large peaks with frequency shifts
of 13.2 THz (Peak 1) and 14.7 THz (Peak 2). The pump frequency does not aﬀect the amount
of frequency shift but aﬀects the gain intensity (proportional to the pump frequency). The
generated Raman comb had a smooth spectral envelope whose center wavelength corresponded
to Peak 2. The inset shows the beatnote signal measured by detecting the generated Raman
comb. The 3 dB linewidth is less than hundreds kHz.
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Fig. 5.3: Output power of pump (blue) andRaman (green) light from the silica rodmicroresonator
while scanning the pump frequency. The green shadowed area represents the Raman lasing
region.
D2/2π = 10.5 kHz
Fig. 5.4: Measured dispersion of the transverse mode (blue points) used for Raman comb
generation and a parabolic ﬁtting using a D2/2π value of 10.5 kHz (red curve). Mode couplings
between other transverse modes are observed around the pump mode.
1665.7 nm, respectively. Due to the complex shape of the Raman gain spectrum, a Raman comb
with an asymmetric spectrum shape is usually excited when parameters such as the excitation
power and the coupling condition between the microresonator and ﬁber are not adjusted. Only
when I carefully adjust the parameters, a Raman comb with a smooth envelope as shown in
Fig. 5.2(b) was obtained. In this experiment, higher order cascaded SRS was hardly observed.
With a silica microresonator having anomalous dispersion, the competition between SRS
and FWM thresholds is given as PSRSin /PFWMin ≈ (2ω0n2)/(cgR(max)) ≈ 2.9, which implies that
the FWM occurs before generating SRS [85,141]. ω0 is the pump frequency, n2 is the nonlinear
refractive index of silica, c is the speed of light, and gR(max) is the maximum Raman gain of
silica in units of m/W. However, in our experiment, typical degenerate FWM throughmodulation
instability did not occur while changing the detuning. Since FWM generation depends on the
cavity dispersion, I measured the dispersion of the transverse mode used for Raman comb
generation. The result is shown in Fig. 5.4, where the blue points represents the measurement
data and the red curve represents a parabolic ﬁtting using a D2/2π value of 10.5 kHz. It is
assumed that the mode couplings with other transverse modes, which are observed around the
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pump mode shown in Fig. 5.4, makes eﬀectively normal dispersion around the pump mode and
increases the threshold for FWM. The normal dispersion at pump frequency was caused by the
mode couplings in this experiment. Also, the normal dispersion condition can also be achieved
by applying the lower pump frequency because many types of microresonators become normal
dispersion at lower frequency side (e.g. visible wavelength).
In order to examine the coherent property of the output light, I measured the beatnote
signals with a fast photodetector. It can be directly measured because the generated Raman
comb has mode spacings in microwave rates. The measured beatnote signals exhibit multiple
peaks when the output is not a smooth spectrum, because Raman light is generated in various
transverse modes. On the other hand, when a Raman comb with a smooth spectrum envelope is
obtained, it has only one peak with 3 dB linewidth of less than hundreds kHz as shown in the
inset of Fig. 5.2(b). The linewidth is limited by the presence of the dispersion, because each
SRS lines locate as the center of each resonance modes. This experimental result provides a
potential to obtain smooth and phase-locked Raman combs through optimizing the operation
wavelength, cavity dispersion, and stabilization techniques. In particular, according to the
previous reports [71,106], pumping at the weak normal dispersion regime is suitable to generate
phase-locked Raman combs.
5.3 Peak transition via controlling detuning and coupling
First, I investigated the transition of the Raman comb position between two peaks, Peak 1 and 2,
within Raman gain spectrum. Figure 5.5 shows spectrum formation via SRS while decreasing
the detuning between resonance and pump frequencies. The pump light with large detuning
generated SRS close at Peak 1 wavelength. The diﬀerence between the center wavelength and
Peak 1 is due to the broad gain of Peak 1. Decreasing the detuning caused SRS at longer
wavelength regime, whose oﬀset from pump matched to Peak 2. By further decreasing the
detuning, the energy transfer from Peak 1 to Peak 2 and suppression of the Raman light at
Peak 1 were observed. The Raman energy transition was also observed with another silica rod
microresonator which has a cavity FSR of 32.4 GHz. Hence, by controlling the detuning, a
Raman comb with the oﬀset wavelength at Peak 1 or Peak 2 can be generated. Such behavior
was also observed in silica ﬁbers when the input power is changed [83]. Although the detail
explanation is given in §5.4, it is brieﬂy explained as follows. Since the gain at Peak 1 is slightly
higher than that of Peak 2, Peak 1 reaches SRS threshold at ﬁrst. As Peak 2 is excited directly
from the pump and light generated at Peak 1, it then reaches the lasing threshold as the pump
power is further increased.
Longer wavelength modes are excited from modes at shorter wavelength, because each mode
exhibits Raman gain having the value from zero frequency shift. That also induces the center
wavelength of a Raman comb is shifted by oneself via SRS. Figure 5.6(a) shows the center
wavelength (red) and 3 dB bandwidth (blue) of a Raman comb as a function of the pump
wavelength. The amount of the center wavelength shift was much larger than that of pump
scanning, whose ratio is about 37. Figure 5.6(b) shows Raman comb spectra with diﬀerent
pump wavelengths, that indicates the comb envelope broadens to longer wavelength. The center
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Fig. 5.5: Raman comb formation while decreasing the detuning between pump and resonance
frequencies. The Raman oﬀset transited from Peak 1 to Peak 2. The pump wavelength and input
power were 1540 nm and 80 mW, respectively.
wavelength shift of a mode-locked soliton pulse (corresponding to pulse delay in time domain)
has been observed in optical ﬁbers [157] and microresonators [102]. Since the generated Raman
comb in this experiment did not propagate as a soliton pulse, the ratio of the center wavelength
shift was small.
Next, I investigated the coupling strength dependency. I controlled the coupling strength by
changing the tapered ﬁber position and measured comb spectra with near zero pump detuning
(Fig. 5.7). The coupling strength is deﬁned as η = κc/κ (η = 0.5 denotes critical coupling). κ
and κc are the cavity decay rate and the coupling rate to the waveguide, respectively. κ has the
relation asQ = ω0/κ and κ = κi+ κc. Q is the cavity Q and κi is the intrinsic loss rate. Figure 5.7
shows that a weak coupling induced to generate a Raman comb at Peak 2, while strong coupling
results the excitation of Peak 1. The values of coupling strength are obtained from linewidth of
the measured cavity resonances.
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Fig. 5.6: (a) The center wavelength (red) and 3 dB bandwidth (blue) in a Raman comb generated
at Peak 2 as a function of the pump wavelength. (b) Raman comb spectra with diﬀerent
pump wavelengths (detuning). The dashed lines represent the center wavelength of each comb
envelope.
Fig. 5.7: Raman comb spectra depending on the coupling strength (ﬁber position) with near
zero pump detuning. A weaker (stronger) coupling condition induced the generation of a Raman
comb at Peak 2 (Peak 1). The pump wavelength and input power were 1540 nm and 160 mW,
respectively.
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5.4 Coupled mode equations with Raman processes
To study the energy exchange between the pump and other resonant modes covered by Raman
gain, I calculated numbers of intracavity photons by using coupled mode equations taking
Raman processes into account. This calculation is used to obtain the dynamics of energy
exchange via SRS, as functions of coupling strength and detuning between pump and resonant
frequencies. The internal ﬁeld in each mode am (m = 0, 1, 2, · · · ) has the resonance frequency as
ωm = ω0 − mD1, where ω0 is the pump frequency and D1 is the cavity FSR in units of rad·Hz.
The time evolution of these ﬁelds is given by
∂am
∂t
= − 1
2
κam +
∑
m′,0≤m′<m
GR(m′,m) |am′ |2am (5.2)
−
∑
m′,m<m′
GR(m,m′) |am′ |2am
[
+iΔω0am +
√
κcsin
]
m=0
. (5.3)
Here sin is the input ﬁeld as |sin |2 = Pin/(ω0), Pin is the input power to the couplingwaveguide, 
is the Planck constant divided by 2π, and Δω0 represents the pump detuning from the resonance.
The input ﬁeld is only added to the equation for pump mode (m = 0). The number of intracavity
photons in each mode corresponds to |am |2, which can be converted to power by ωm |am |2 ×
D1/2π. The nonlinear Raman coeﬃcient is written as
GR( j,k) = gR(ω j, ωk)
cD1ω j
4πnAeﬀ
, (5.4)
where j and k represent the mode numbers ( j, k ∈ 0, 1, 2, · · · ), n is the eﬀective refractive index
of the resonance mode, and Aeﬀ is the eﬀective nonlinear mode area. gR(ω j, ωk) represents
the Raman gain in silica with the frequency shift ωk − ω j when pumping at the frequency
ω j . With 1550 nm pumping to silica, the Raman gain value is 6.2 × 10−14 m/W at 13.2 THz
shift [126, 154]. The gain value is in proportional to the pump frequency. κ, κc, κi, and Aeﬀ are
regarded as independent of the mode number m.
Figure 5.8 shows the lasing action at diﬀerent coupling conditions as function of the detuning
that is normalized by κ. The calculation parameters are shown in Table 5.1, which follow our
experimental condition. Aeﬀ is calculated by using a mode solver based on ﬁnite element
method. I set the number of modes to 1001, which corresponds to the wavelength range from
1540 to 1698.8 nm. With larger detuning, SRS does not occur because the intracavity power
is below the threshold. After exceeding the threshold, red-shifted light starts to appear close at
Peak 1 in Raman gain (1651.9 nm). This is because the gain value at Peak 1 is larger than that at
Peak 2. When the detuning is even smaller, the SRS wavelength changes to close at the Peak 2
(1665.7 nm) due to the simultaneous excitation by two components; i.e. by pump and Raman
Table. 5.1: Parameters used for the calculation
λ0 Pin D1/2π Qi n Aeﬀ
1540 nm 160 mW 18.2 GHz 1×108 1.44 135 μm2
80
5.4. Coupled mode equations with Raman processes
Fig. 5.8: Transition of SRS wavelength, calculated by using Eq. (5.3). The pump wavelength is
1540.0 nm (not shown in this ﬁgure). Peaks 1 and 2 of the Raman gain correspond to 1651.9
and 1665.7 nm, respectively (red lines). A clear SRS wavelength transition is observed at a
coupling strength (η) of 0.30-0.40. On the other hand, SRS does not occur due to the relatively
low eﬀective Q at a critical coupling condition (η = 0.5) with the parameters shown in Table 5.1.
light at Peak 1. The calculation shows clear transition of the SRS light from one wavelength to
another, depending on the detuning.
In addition, the peak transition is dependent on the coupling strength. When the coupling
strength is weak, it generates SRS at peak 2. When the coupling strength is even weaker, the
system does not exhibit SRS because the intracavity pump power does not reach the threshold.
On the other hand, the critical coupling condition does not allow us to achieve SRS due to the
relatively low eﬀective Q. According to this calculation, it is founded that the SRS is eﬃcient
when η = 0.35. The calculation results show that the smaller detuning and weaker coupling
strength are needed to generate SRS eﬃciently, and the result in agreement with our experimental
observations shown in Figs. 5.5 and 5.7. Although weak FWM comb lines (i.e. close at the
pump light) were observed in our experiment as shown in Fig. 5.5, it does not inﬂuence the
result very much because the unequal spacings of the SRS comb lines do not strongly interact
with FWM combs. Therefore our model where no FWM processes are taken into account is
suﬃcient to describe the phenomena. Our numerical analysis focuses on specifying the center
of excited modes.
Some diﬀerences between the experiment and the numerical analysis are observed. We
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observed multi-mode lasing in the experiment, while the system exhibits lasing at a few modes
in our numerical analysis even though thirteen vibration frequencies are taken into account. This
is because the pump intensity is clamped after the SRS occurs and also all SRS modes share
the same pump mode. In the experiment, however, each molecules exhibits diﬀerent vibration
frequencies, which is the origin of inhomogeneous broadening of the Raman gain [154]. Hence
I obtained multi-mode Raman lasing in the experiment. Despite this diﬀerence, the energy
transition behavior from Peak 1 to Peak 2 is explained by using our model.
5.5 Summary
This study provides how to control the operation wavelength and formation of a Raman comb
through pump detuning and coupling strength. The author generated Raman combs from a
silica rod microresoator with a FSR in microwave rate and controlled the center wavelength
via detuning and coupling optimizations. In the experiment, decreasing detuning leads to the
Raman energy transition from Peak 1 to Peak 2, which is a similar behavior that has been
observed in silica ﬁbers. Also, weak coupling induced to generate a Raman comb at Peak 2,
while strong coupling results the only excitation of Peak 1. Those observations are in agreement
with simulation, which are calculated by using coupledmode equations taking account of Raman
processes. In addition, the center wavelength shift of a Raman comb was observed, with a shift
that is 37 times larger than that of pump scanning. The combination of this study and previous
researches on phase-locking scheme [71, 94, 106] will enable generation of Raman combs that
have a smooth spectral envelope and mutual coherence between the comb lines.
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polarized dual-pumping
6.1 Introduction
6.1.1 Dual-comb generation scheme from a single resonator
There are certain approaches for generating a dual-comb in a microresonator system. One
approach is to use two diﬀerent microresonators that generate microcombs individually [55,
57, 61, 107]. The disadvantage of this commonly used method is to require precise fabrication
processes with which to control the cavity FSRs, which are determined by the microresonator
size. Although nano- and microfabrication technologies have the potential to enable us to
fabricate microresonators whose cavity FSR is controlled (e.g. silicon nitride ring and silica disk
microresonators), polishing and laser processing cannot control the parameters precisely (e.g.
polishedmagnesiumﬂuoride and laser processed silicamicroresonators). Another approach is to
pump one transverse mode from clockwise and counter-clockwise directions [60,90,158] or two
diﬀerent transverse modes (also known as mode families) [108–112] in a single microresonator.
In this system, both combs share the same resonator (commonmechanical vibrations and thermal
ﬂuctuations) and also the feedback loops, which leads to mutual coherence between the combs.
Such dual-comb generation in a single resonator has also been studied with other platforms such
as mode-locked integrated external-cavity surface-emitting lasers (MIXSELs) [159].
Pumping one transverse mode from clockwise and counter-clockwise directions requires
only one pump laser, which is modulated with an electro- or acousto-optic modulator. This is
because the pump frequencies in the two directions are almost the same. This system can provide
simple control of the pump frequencies. On the other hand, the diﬀerence between the repetition
frequencies is only achieved to a small degree, which depends on cross-phasemodulation (XPM)
eﬀects. A previous study that used this method reported soliton trapping inside a microresonator
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Fig. 6.1: Illustration of a simulation model with orthogonally polarized dual-pumping (left)
and examples of mode intensity proﬁles in the TE and TM modes (right). Propagating solitons
interact via XPM, which changes the group velocities.
between a Kerr soliton and a Raman soliton in diﬀerent transverse modes, which are excited
with a pump laser and Raman scattering, respectively [90].
When pumping two diﬀerent transverse modes as illustrated in Fig. 6.1, complex control
of the pump frequencies is typically required because two individual lasers are used to pump
the resonance modes, which, in most cases, are located separately in the frequency domain.
However, a large diﬀerence can be achieved between the repetition frequencies by controlling
the pump frequencies and cavity dispersion of the pumped resonance modes. Also, cavity
size and dispersion engineering can control the resonance frequencies whose separation is at
microwave levels (below tens of gigahertz). The diﬀerent transverse modes can be pumped by
using a single laser with an electro-optic modulation.
6.1.2 Motivation
Here, the author theoretically studies dual-comb generation in a single microresonator by using
coupled Lugiato-Lefever equations (LLEs), and the author focuses particularly on soliton trap-
ping. The conditions for dual-comb solitons generation and soliton trapping are investigated
with numerical simulation and analysis approaches. Soliton trapping is a phenomenon that can
be observed in optical ﬁbers when inputing two optical pulses with slightly diﬀerent group veloc-
ities to compensate for the group velocity mismatch via XPM [126,160–164]. In our calculation
model, a dual-comb is considered to be excited with orthogonally polarized dual-pumping (TE
and TM modes). Such a system has advantages for generating a dual-comb with a controlled
diﬀerence between the repetition frequencies in a single microresonator, which is fabricated by
cutting, polishing, and laser processing [116, 165, 166]. This is because orthogonally polarized
transverse modes have almost same cavity FSRs owing to the resemble mode proﬁles. However,
dual-comb solitons with orthogonal polarizations have yet to be demonstrated experimentally
(non-soliton dual-comb generation has been reported [108–110]). Hence revealing the condi-
tions is helpful for optimizing the experimental parameters for dual-comb systems. In other
words, soliton trapping should be avoided for dual-comb applications because the diﬀerence
between the repetition frequencies is compensated to zero. On the other hand, the observation
of soliton trapping inside a microresonator is an attractive topic in fundamental science.
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6.2 Simulation model
Microcomb formation has been studied using an LLE [90, 135, 139]. To calculate multiple
microcomb formation, two LLEs are coupled and developed by taking XPM and the diﬀerence
between repetition frequencies into account. The time evolution of the internal ﬁelds a and b,
which have orthogonal polarizations (TE and TM modes), are represented with coupled LLEs
as
∂a(φ, t)
∂t
= − κ(a)
2
a + iΔω0(a)a + i
D2(a)
2
∂2a
∂φ2
+ ig(a)(|a|2 + σ |b|2)a + √κc(a)sin(a) +
ΔD1
2
∂a
∂φ
(6.1)
∂b(φ, t)
∂t
= − κ(b)
2
b + iΔω0(b)b + i
D2(b)
2
∂2b
∂φ2
+ ig(b)(|b|2 + σ |a|2)b + √κc(b)sin(b) −
ΔD1
2
∂b
∂φ
(6.2)
where t is the slow time and φ is the azimuthal angular coordinate inside themicroresonator being
related to the fast time. κ(∗), κi(∗), and κc(∗) are the cavity decay, intrinsic decay, and coupling rates,
respectively. They are related as follows κ(∗) = κi(∗)+κc(∗). Here (∗) represents (a) or (b). Δω0(∗) is
the detuning between the pump and resonance frequencies as Δω0(∗) = ωp(∗) −ω0(∗), where ωp(∗)
andω0(∗) are the pump and resonance frequencies, respectively. The resonance frequencies in one
transversemode follow a Taylor expanded equation asωμ(∗) = ω0(∗)+D1(∗)μ+(1/2)D2(∗)μ2+· · · ,
where μ is the mode number oﬀset from the pump mode, D1(∗) is the cavity FSR, and D2(∗) is the
second order dispersion. The higher order terms are neglected. g(∗) is the nonlinear coeﬃcient as
g(∗) = (ω20(∗)n2D1(∗))/(2πn2Aeﬀ(∗)), where  is the reduced Planck constant, n2 is the nonlinear
refractive index, n is the refractive index, and Aeﬀ(∗) is the eﬀective mode area. σ is the XPM
coeﬃcient (σ = 2/3 for orthogonal polarizations), sin(∗) is the input ﬁeld as sin(∗) =
√
P(∗)/ω0(∗),
P(∗) is the input power, and ΔD1 is the diﬀerence of the cavity FSRs between two transverse
modes as ΔD1 = D1(b) − D1(a).
Here, I calculate generalized coupled LLEs:
∂u(φ, τ)
∂τ
= −(1 + iα(u))u + iβ(u)
∂2u
∂φ2
+ i(|u|2 + σ |v |2)u + F(u) + γ
∂u
∂φ
, (6.3)
∂v(φ, τ)
∂τ
= −(1 + iα(v))v + iβ(v)
∂2v
∂φ2
+ i(|v |2 + σ |u|2)v + F(v) − γ
∂v
∂φ
, (6.4)
where it is assumed that κ = κ(a) = κ(b) and g = g(a) = g(b). The parameters follow τ = κt/2,
u = a
√
2g/κ, v = b
√
2g/κ, α(∗∗) = −2Δω0(∗)/κ, β(∗∗) = D2(∗)/κ, γ = ΔD1/κ, and F(∗∗) =
(2sin(∗)/κ)
√
2gκc(∗)/κ, where {(∗), (∗∗)} represents {(a), (u)} or {(b), (v)}. Here, when the
parameters are set at σ = 0 and ΔD1 = 0, Eqs. (6.1)-(6.4) are regarded as a basic LLE, which
does not take account of the interaction between each equation (i.e. without XPMeﬀects between
orthogonally polarized internal ﬁelds). In addition, I deﬁne and use a parameter δ = γ/
√
2β,
when assuming β = β(u) = β(v). Here this model does not consider the inﬂuence of linear mode
coupling between the TE and TM modes, which should be considered when diﬀerent resonance
modes are located near in the frequency domain [167].
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6.3 Numerical simulation results
Figure 6.2 shows the time evolution of microcomb spectra and waveforms for two orthogonally
polarized transverse modes when the α value is changed from negative to positive. The param-
eters are α = α(u) = α(v), β(u) = β(v) = 0.01, γ = 0.3, and F(u) = F(v) = 4. Since γ is a nonzero
value, two solitons in each transverse mode propagate at diﬀerent group velocities, which is
shown at a τ of around 70-100 in Fig. 6.2(b). However, XPM compensates for the group veloc-
ity mismatch over τ of 100 shown by the white arrow regions, where the two solitons propagate
at the same group velocity and they keep remain at the same position inside a microresonator
each other. This phenomenon is known as soliton trapping. At the top of Fig. 6.2(b), an XPM
induced trapped soliton is directly generated from the original soliton of an internal ﬁeld u. On
the other hand, at the bottom of Fig. 6.2(b), the trapped soliton is not directly generated from
the original soliton of an internal ﬁeld v (which is represented clearly around τ of 90). In our
simulation, a trapped soliton is generated by one of the original solitons in the transverse mode,
which also supports the generation of a trapped soliton in the other transverse mode. Although
Fig. 6.3 shows the formation of a single trapped soliton, the soliton number is random as in the
LLE simulation.
Figure 6.3 shows comb spectra and waveforms at a τ of 120 seen in Fig. 6.2. The XPM
compensates mutually for the group velocities that cause the center frequencies of the comb
envelopes to shift in opposite directions as shown in Fig. 6.3(a). The shift Δμ follows Δμ =
Δωc/D1 = ±ΔD1/(2D2) for ﬁelds a (u) and b (v), respectively. Here Δωc is the amount of
center frequency shift in units of rad·Hz. This theoretical value is in good agreement with
our numerical simulation results. This frequency shift can be explained with change of the
instantaneous frequency via XPM between the two solitons. Since the positions (related to the
fast time axis) of trapped solitons are slightly diﬀerent, the instantaneous frequencies of two
solitons change to opposite sides which correspond to the frequency shift of spectral envelope.
To reveal the soliton trapping condition, I perform a numerical simulation with various
parameters in δ and F where F = F(u) = F(v) is assumed for simplicity. The mapping of the
soliton trapping condition is shown in Fig. 6.4(a), where the yellow area denotes the observable
soliton trapping conditions. The orthogonally polarized solitons with a large δ (i.e. large
diﬀerence between repetition frequencies) cannot be trapped even when a large F is applied.
Next, to check the possibility of observing soliton trapping under realistic experimental con-
ditions, I show one example of microresonator parameters for three spatially diﬀerent transverse
modes with two polarizations, whose D1 and D2 are calculated by using a ﬁnite elemental
simulation and a Sellmeier equation. The microresonator structure is deﬁned with the resonator
diameter and the curvature radius of the cross section in the resonance part. I considered
a silica rod microresonator in critical coupling with a diameter of 3.6 mm, a Q of 1 × 108,√
P(∗)/Aeﬀ(∗) ≈ 5 × 104
√
W/m (e.g. P(u) = P(v) ≈ 250 mW, Aeﬀ(u) ≈ Aeﬀ(v) ≈ 100 μm2), and
various curvature radiuses. In the six calculated transverse modes, D1/2π and D2/2π were
around 18 GHz and 100 kHz, respectively (D2 > 0 denotes anomalous dispersion). The colored
symbols in Fig. 6.4(b) show the microresonator parameter δ as a function of the curvature
radius, where F ≈ 4 following the above parameters. The three colored symbols represent the
parameters in spatially diﬀerent transverse modes, whose mode intensity proﬁles are shown in
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Fig. 6.2: Time evolution of microcomb (a) spectra and (b) waveforms in each transverse mode
while changing α from a negative to a positive value. White arrows represent soliton trapping
regions where two solitons are coupled via XPM and propagate at the same group velocity.
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Fig. 6.3: Trapped soliton microcomb (a) spectra and (b) waveforms in each transverse mode at
τ of 120 in Fig. 6.2. Soliton trapping is induced by XPM, which shifts the center frequencies of
the comb envelopes and keeps the solitons at the same position inside the microresonator.
87
Chapter 6. Theoretical study on dual-comb generation and soliton trapping in a single
microresonator with orthogonally polarized dual-pumping
(a) (b)
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F = 4
Fig. 6.4: (a) Numerical simulation results for soliton trapping conditions as functions of F
and |δ |, where the yellow area denotes conditions where trapping is observable. Here, F(∗∗) =
(2sin(∗)/κ)
√
2gκc(∗)/κ and δ = γ/
√
2β = ΔD1/
√
2D2κ. (b) Three colored symbols represent
the parameter δ, in spatially diﬀerent transverse modes in silica microresonators, as a function
of curvature radius. The background color represents the soliton trapping conditions being
calculated with an F of 4, where the yellow area denotes conditions where soliton trapping is
observable. The inset shows mode intensity proﬁles in a silica microresonator with a diameter
of 3.6 mm and a curvature radius of 25 μm.
the inset (with a curvature radius of 25 μm). As represented in Fig. 6.4(b), soliton trapping can
be observed with a curvature radius of 20 μm and also of 25 μm in some spatially diﬀerent
transverse modes. To observe soliton trapping in orthogonally polarized transverse modes, a
small diﬀerence should be engineered in the cavity FSRs by fabricating symmetrical structure,
where the resonancemodes are located, for TE and TMpolarizations. A smaller curvature radius
is better for realizing a small diﬀerence between repetition frequencies. These results reveal
the possibility of observing soliton trapping, where the solitons are excited by orthogonally
polarized dual-pumping, under realistic experimental conditions. Although only one example
is introduced here, the calculation in Fig. 6.4(b) can be applied to all platforms including silicon
nitride ring, polished magnesium ﬂuoride, and silica disk microresonators.
While the results in Figs. 6.2-6.4 are calculated with the parameters α(u) = α(v), β(u) = β(v),
and F(u) = F(v), I calculate microcomb formation with diﬀerent F(∗∗) values to focus on the
phenomenon whereby a trapped soliton is generated by a strongly pumped soliton, which also
supports the generation of a weakly pumped soliton in the other transverse mode, as seen in
Fig. 6.2. Figure 6.5(a) shows the dimensionless intracavity powers |u|2 (blue) and |v |2 (red)
while scanning α = α(u) = α(v). Other parameters are β(u) = β(v) = 0.01, γ = 0.3, F(u) = 4, and
F(v) = 3. Figure 6.5(b) shows spectra (left) and waveforms (right) at α value of -2, 0, 5, 10, 16,
and 21, which are represented with dashed black lines in Fig. 6.5(a). While α changes from 5 to
10, the internal ﬁeld u forms a soliton state. Also, in the internal ﬁeld v, the weak comb lines are
generated via XPM by the soliton microcomb u at α value of 10, whose detailed waveform in the
green dashed box is shown in Fig. 6.5(c). When changing α to a larger value that corresponds to
increasing the soliton peak power of u, the power of the comb lines in the v increases and ﬁnally
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Fig. 6.5: Weakly pumped soliton (red, F = 3) generation supported by a strongly pumped soliton
(blue, F = 4). Here, α(∗∗) = −2Δω0(∗)/κ and F(∗∗) = (2sin(∗)/κ)
√
2gκc(∗)/κ. (a) Dimensionless
intracavity power of internal ﬁelds u and v while scanning α. The inset denotes near threshold
behavior to form a soliton pulse. (b) Microcomb formation for spectra and waveforms at various
α values. (c), (d) Detailed waveforms at α values of 10 and 21 in the green dashed boxes in (b).
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a soliton microcomb is formed. The detailed waveforms of soliton microcombs in the green
dashed box at α of 21 is shown in Fig. 6.5(d). The generation of the weakly pumped soliton v
is supported by the strong soliton u. While α changes from 16 to 21, a weak soliton starts to be
generated with near threshold behavior as shown in the inset of Fig. 6.5(a).
6.4 Analysis of trapped soliton solution
In this section, I calculate an analytical solution for trapped solitons using a Lagrangian pertur-
bation approach and reveal the relation between the parameters. As a supplement, the general
solution for a single soliton is brieﬂy explained in Appendix A.
6.4.1 Master equations and ansatzes
Our analysis for soliton trapping conditions [126,161,162] uses transformed Eqs. (6.3) and (6.4),
which utilize the relations δ = γ/
√
2β and θ = φ/
√
2β and consider α = α(u) = α(v), β = β(u) =
β(v), and F = F(u) = F(v):
∂u
∂τ
+ iαu − i1
2
∂2u
∂θ2
− i(|u|2 + σ |v |2)u − δ ∂u
∂θ
= F − u , (6.5)
∂v
∂τ
+ iαv − i1
2
∂2v
∂θ2
− i(|v |2 + σ |u|2)v + δ ∂v
∂θ
= F − v . (6.6)
I set ansatzes of stationary trapped solitons as
u(θ) = Bsech(
√
1 + σBθ) exp(iϕ0) exp(iδθ) , (6.7)
v(θ) = Bsech(
√
1 + σBθ) exp(iϕ0) exp(−iδθ) , (6.8)
where B is related to the pulse peak and width and ϕ0 is the relative phase of the carrier from the
soliton envelope. The diﬀerence between Eqs. (6.7) and (6.8) is the last term where δ represents
the pulse advance and delay in the azimuthal angular coordinate.
6.4.2 Trapped soliton solution in coupled Lugiato-Lefever equations
To analyze the trapped soliton solution, Eqs. (6.5) and (6.6) lead to equations for the perturbed
Lagrangian, the Lagrangian density L, and the perturbations Ru and Rv as
∂L0
∂rj
− d
dτ
∂L0
∂( ∂rj∂τ )
=
∫ (
Ru ∂u
∗
∂rj
− R∗u
∂u
∂rj
)
dθ +
∫ (
Rv ∂v
∗
∂rj
− R∗v
∂v
∂rj
)
dθ , (6.9)
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L0 =
∫
L dθ =
∫
Lu dθ +
∫
Lv dθ +
∫
Luv dθ , (6.10)
Lu = 12
(
u∗
∂u
∂τ
− u∂u
∗
∂τ
)
+ iα |u|2 + i1
2
∂u∂θ

2
− i1
2
|u|4 − 1
2
δ
(
u∗
∂u
∂θ
− u∂u
∗
∂θ
)
, (6.11)
Lv = 12
(
v∗
∂v
∂τ
− v ∂v
∗
∂τ
)
+ iα |v |2 + i1
2
∂v∂θ

2
− i1
2
|v |4 + 1
2
δ
(
v∗
∂v
∂θ
− v ∂v
∗
∂θ
)
, (6.12)
Luv = −iσ |u|2 |v |2 , (6.13)
Ru = F − u , (6.14)
Rv = F − v . (6.15)
Here rj denotes the time-dependent coordinates. The integrals are calculated as∫
Lu dθ =
∫
Lv dθ
= i
2B√
1 + σ
∂ϕ0
∂τ
+ i
2Bα√
1 + σ
+
(
i
Bδ2√
1 + σ
+ i
√
1 + σB3
3
)
− i 2B
3
3
√
1 + σ
− i 2Bδ
2
√
1 + σ
, (6.16)
∫
Luv dθ = −i 4σB
3
3
√
1 + σ
. (6.17)
Using the equations described above, I calculate the stationary analytical solution with dB/dτ =
0 and dϕ0/dτ = 0 for the trapped soliton in a miroresonator.
First, with no perturbation (Ru = Rv = 0), Eq. (6.9) can be solved by using relations with
r1 = B and r2 = ϕ0 as
∂L0
∂B
− d
dτ
∂L0
∂(∂B∂τ )
= i
4√
1 + σ
∂ϕ0
∂τ
+ i
4α√
1 + σ
+
(
i
2δ2√
1 + σ
+ i2
√
1 + σB2
)
− i 4B
2
√
1 + σ
− i 4δ
2
√
1 + σ
− i 4σB
2
√
1 + σ
= i
4√
1 + σ
{
∂ϕ0
∂τ
+ α − δ
2
2
− 1
2
(1 + σ)B2
}
, (6.18)
∂L0
∂ϕ0
− d
dτ
∂L0
∂( ∂ϕ0∂τ )
= −i 4√
1 + σ
dB
dτ
, (6.19)
As a result, the equation is obtained by Eq. (6.18) with dϕ0/dτ = 0 as
0 =
1
2
δ2 +
1
2
(1 + σ)B2 − α , (6.20)
that represents the relation of the trapped soliton parameters in the stationary state.
Next, with perturbation following Eqs. (6.14) and (6.15), the perturbation term in Eq. (6.9)
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is calculated with r1 = B:
Ru ∂u
∗
∂B
− R∗u
∂u
∂B
= F exp(−iϕ0) exp(−iδθ)sech(
√
1 + σBθ){1 −
√
1 + σBθtanh(
√
1 + σBθ)
− F exp(iϕ0) exp(iδθ)sech(
√
1 + σBθ){1 −
√
1 + σBθtanh(
√
1 + σBθ) , (6.21)
Rv ∂v
∗
∂B
− R∗v
∂v
∂B
= F exp(−iϕ0) exp(iδθ)sech(
√
1 + σBθ){1 −
√
1 + σBθtanh(
√
1 + σBθ)
− F exp(iϕ0) exp(−iδθ)sech(
√
1 + σBθ){1 −
√
1 + σBθtanh(
√
1 + σBθ) , (6.22)
∫ (
Ru ∂u
∗
∂B
− R∗u
∂u
∂B
)
dθ =
∫ (
Rv ∂v
∗
∂B
− R∗v
∂v
∂B
)
dθ ≈ i 2Fδ
2C2
(1 + σ) 32 B3
sin ϕ0 . (6.23)
Also, the perturbation term in Eq. (6.9) is calculated with r2 = ϕ0:
Ru ∂u
∗
∂ϕ0
− R∗u
∂u
∂ϕ0
= −iFB exp(iϕ0)sech(
√
1 + σBθ) exp(iδθ)
− iFB exp(−iϕ0)sech(
√
1 + σBθ) exp(−iδθ) + i2B2sech2(
√
1 + σBθ), (6.24)
Rv ∂v
∗
∂ϕ0
− R∗v
∂v
∂ϕ0
= −iFB exp(iϕ0)sech(
√
1 + σBθ) exp(−iδθ)
− iFB exp(−iϕ0)sech(
√
1 + σBθ) exp(iδθ) + i2B2sech2(
√
1 + σBθ), (6.25)
∫ (
Ru ∂u
∗
∂ϕ0
− R∗u
∂u
∂ϕ0
)
dθ =
∫ (
Rv ∂v
∗
∂ϕ0
− R∗v
∂v
∂ϕ0
)
dθ
≈ −i 2F√
1 + σ
{
π − δ
2C1
2(1 + σB2)
}
cos ϕ0 + i
4B√
1 + σ
. (6.26)
Here C1 =
∫
x2sechx dx, C2 =
∫
{x2sechx − x3sechxtanx}dx, and
√
1 + σB  δ for an
approximate calculation. Eq. (6.9) calculates the relations with r1 = B using Eqs. (6.18) and
(6.23) and with r2 = ϕ0 using Eqs. (6.19) and (6.26):
i
4√
1 + σ
{
∂ϕ0
∂τ
+ α − δ
2
2
− 1
2
(1 + σ)B2
}
= i
4Fδ2C2
(1 + σ) 32 B3
sin ϕ0 , (6.27)
− i 4√
1 + σ
dB
dτ
= −i 4F√
1 + σ
{
π − δ
2C1
2(1 + σB2)
}
cos ϕ0 + i
8B√
1 + σ
. (6.28)
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F = 3 F = 4
Fig. 6.6: Analytical solutions for trapped solitons where F of 3 and 4 as functions of α, δ,
and B, which are related to the pump detuning, the diﬀerence between repetition frequencies,
and the peak power of the trapped soliton, respectively. The inset represents the amplitude
of a stationary trapped soliton. Here, α(∗∗) = −2Δω0(∗)/κ, F(∗∗) = (2sin(∗)/κ)
√
2gκc(∗)/κ, and
δ = γ/
√
2β = ΔD1/
√
2D2κ.
Consequently, the diﬀerential equations for the parameters B and ϕ0 are obtained as
dB
dτ
= −2B + F
{
π − δ
2C1
2(1 + σ)B2
}
cos ϕ0 , (6.29)
dϕ0
dτ
=
1
2
δ2 +
1
2
(1 + σ)B2 − α + Fδ
2C2
(1 + σ)B3 sin ϕ0 . (6.30)
The stationary trapped soliton parameters can be calculated with dB/dτ = 0 and dϕ0/dτ = 0.
Also, the maximum α and B values for stationary trapped solitons are obtained at cos ϕ0 = 1
because the below equation is satisﬁed using
√
1 + σB  δ:
π − C1
2
(
δ√
1 + σB
)2
> 0 . (6.31)
Therefore the maximum α and B in the stationary state have relations as
B3max −
1
2
πFB2max +
Fδ2C1
4(1 + σ) = 0 , (6.32)
αmax =
1
2
δ2 +
1
2
(1 + σ)B2max . (6.33)
Figure 6.6 shows analytical results for a trapped soliton solution with F of 3 and 4. With
a large δ, trapped solitons cannot be obtained with a small positive α on the red-detuned side.
The α range for soliton trapping becomes narrower as δ increases. This analytical result helps
in terms of demonstrating and controlling trapped soliton generation. For example, trapped
solitons with a high peak power can be generated by suitably scanning and stopping the pump
frequencies, which are related to α. Moreover, B increases as α increases, and the relation can
be used to stabilize of microcomb generation as with a single soliton [168].
93
Chapter 6. Theoretical study on dual-comb generation and soliton trapping in a single
microresonator with orthogonally polarized dual-pumping
6.5 Summary
The author numerically and theoretically studied dual-comb generation and soliton trapping in
a single microresonator, whose two transverse modes were excited with orthogonally polarized
dual-pumping (TE and TM modes). The simulation model employed coupled LLEs, which take
account of XPM and diﬀerence between the repetition frequencies. The numerical simulation
calculated the dual-comb formation in a microresonator, whose microcombs propagated as
soliton pulses and caused soliton trapping depending on the parameters. This is a ﬁrst theoretical
study on soliton trapping between dual-comb in a single microresonator.
Our model simulates a case where a trapped soliton is generated by one of the original
solitons, which also supports the generation of a soliton in the other transverse mode. The
trapped solitons are advanced and delayed in the time domain, whose comb envelopes are
shifted to higher and lower frequency sides. In addition, an analytical solution for trapped
solitons in coupled LLEs is obtained by using a Lagrangian perturbation approach that reveals
the soliton trapping conditions.
Such a system, where orthogonally polarized transverse modes in a single microresonator are
excited, has advantages as regards generating a dual-comb with a controlled diﬀerence between
the repetition frequencies in a single microresonator, particularly one fabricated by polishing or
laser processing. Revealing the conditions of dual-comb soliton generation and soliton trapping
is helpful for optimizing experimental conditions and cavity dispersion to induce or avoid these
phenomena.
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Chapter 7
Summary and outlook
This chapter summarizes the work written in this thesis and provides an outlook for future
research related to microresonator frequency combs.
7.1 Summary of this thesis
This thesis reported the background, theory, and experiment of microreosnators andmicrocombs
in Chapter 1, 2, and 3 and microcombs with cavity optomechanics in Chapter 4, with SRS in
Chapter 5, and with XPM in Chapter 6. These studies contribute to the understanding of the
eﬀects of optical nonlinearities in a microresonator on microcombs. Also, these results may
help to guide future research and novel ideas.
Chapter 1 introduced the background to microresonators and microcombs to clarify the
motivation of this thesis. It included the types of microresonators, conventional mode-locked
lasers, basic microcomb generation schemes, milestones in microcomb researches, microcomb
applications, related researches to this thesis, and the motivation of this thesis.
Chapter 2 explained microresonator characteristics in theory, simulations, and experiments.
The author fabricated silica toroid, silica rod, and polished MgF2 microresonators, whose Q
factors were achieved to tens of millions, hundreds of millions, and over one billion, respectively.
The optical coupling was performed using a tapered ﬁber, whose transmission was around
98% and maximum coupling eﬃciency to a miroresonator was over 95%. To evaluate cavity
dispersions, the author developed a measurement system with a ﬁber MZI and a calculation
system using a ﬁnite element simulation.
Chapter 3 introduced microcomb characteristics including the theory based on an LLE
and the experimental results. On the basis of an LLE, the numerical simulation and analysis
were performed. The microcomb formation from a CW state to a soliton state were shown by
calculating an LLE. The author explained that the positions of ﬁrst sidebands via degenerate
FWM are determined by the intracavity power, threshold for FWM, cavity dispersion, and pump
detuning. In addition, the author analytically explained that red-detuned pumping and anomalous
dispersion are required for a soliton state. In our experiments, a high-Q microresonator was
pumped with a CW laser by scanning the pump frequency. The author observed Turing pattern
and chaos combs with blue-detuned pumping and soliton steps with red-detuned pumping.
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Chapter 4 described a study of cavity optomechanical behavior on microcomb generation,
experimentally and numerically. In many previous studies of cavity optomechanics using a
toroid microresonator, the oscillation modes were excited with a low pump power that was
much smaller than the threshold power for FWM. Although the cavity optomechanical behavior
in comb generation has been reported, it has not been well understood. Here the author
demonstrated the suppression of OMPOs with a Turing pattern comb, which was generated by a
blue-detuned pump from the resonance frequency. When only the inﬂuence of the blue-detuned
pump light is considered, optomechanical oscillations are always ampliﬁed. On the other hand,
the suppression of OMPO with a Turing pattern comb can be explained and achieved by assisting
the inﬂuence of all the comb lines, which are in the red-detuning regime. In addition, this study
provides a guideline of designing microresonator properties by using the LLE and equation
for calculating eﬀective damping rate. To control the properties of cavity dispersion and also
threshold power for degenerate FWM (related to an optical Q factor) enables OMPO suppression
and microcomb generation that has low phase noise in optomechanical coupling systems.
Chapter 5 describes a study of Raman comb formation in silica rod microresonators, exper-
imentally and numerically. Recently, multi-mode Raman lasing in a high-Q optical microres-
onator has been reported. Raman combs have an advantage that they can be generated regardless
of the cavity dispersion. However, the formation dynamics of a Raman comb has not been well
exploited. Here this study provides how to control the operation wavelength and formation of
a Raman comb through pump detuning and coupling strength. The author generated Raman
combs from a silica rod microresoator with a FSR in microwave rate and controlled the center
wavelength via detuning and coupling optimizations. In the experiment, decreasing detuning
leads to the Raman energy transition from Peak 1 to Peak 2, which is a similar behavior that
has been observed in silica ﬁbers. Also, weak coupling induced to generate a Raman comb
at Peak 2, while strong coupling results the only excitation of Peak 1. Those observations are
in agreement with simulation, which are calculated by using coupled mode equations taking
account of Raman processes. In addition, the center wavelength shift of a Raman comb was
observed, with a shift that is 37 times larger than that of pump scanning. The combination of
this study and previous researches on phase-locking scheme will enable generation of Raman
combs that have a smooth spectral envelope and mutual coherence between the comb lines.
Chapter 6 reported numerical simulation and analysis for dual-comb generation and soliton
trapping in a single microresonator. Recently, mode-locked soliton microcomb was reported,
and opening the way for many practical applications including dual-comb spectroscopy and
LiDAR. For dual-comb applications, it is a very attractive approach to generate dual-comb
soliton with orthogonal polarizations (TE and TM modes) in a single microresonator. However,
an experimental demonstration and also a theoretical study have yet to be performed. Here
the author numerically and theoretically studied dual-comb generation and soliton trapping in
a single microresonator, whose two transverse modes were excited with orthogonally polarized
dual-pumping (TE and TM modes). The simulation model employed coupled LLEs, which take
account of XPM and diﬀerence between the repetition frequencies. The numerical simulation
calculated the dual-comb formation in a microresonator, whose microcombs propagated as
soliton pulses and caused soliton trapping depending on the parameters. This is a ﬁrst theoretical
study on soliton trapping between dual-comb in a single microresonator. Our model simulates
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a case where a trapped soliton is generated by one of the original solitons, which also supports
the generation of a soliton in the other transverse mode. The trapped solitons are advanced and
delayed in the time domain, whose comb envelopes are shifted to higher and lower frequency
sides. In addition, an analytical solution for trapped solitons in coupled LLEs is obtained by
using a Lagrangian perturbation approach that reveals the soliton trapping conditions. Such a
system, where orthogonally polarized transverse modes in a single microresonator are excited,
has advantages as regards generating a dual-comb with a controlled diﬀerence between the
repetition frequencies in a single microresonator, particularly one fabricated by polishing or
laser processing. Revealing the conditions of dual-comb soliton generation and soliton trapping
is helpful for optimizing experimental conditions and cavity dispersion to induce or avoid these
phenomena.
7.2 Outlook
Microresonator frequency combs have been actively studied since the ﬁrst important study was
reported in 2007 [5]. The formation dynamics and method to generate mode-locked soliton
pulses have been well understood [39]. Also, inﬂuences of various optical eﬀects and microer-
sonator parameters have been studied, including self-frequency shift and spectral broadening
with Raman scattering [99,102], broadband comb generation with higher order dispersion [46],
dark soliton microcomb generation in a normal dispersion microresonator with mode coupling
between diﬀerent transverse modes [145], and dual-comb generation with dual-pumping and
XPM [111, 169]. Recently, many demonstrations of microcomb applications have been re-
ported, such as optical communications [50], dual-comb spectroscopy and LiDAR [55, 60, 61],
astrocombs [63,64], optical frequency synthesizers [66], and microwave oscillators [69] (which
are introduced in §1.3.3). However, for practical applications, useful platforms and systems
will be required. Hence, a lot of problems still remain, such as integration of microresonators
and coupling waveguides (particularly for whispering-gallery mode microresonators), soliton
microcomb with low pump power that is less than 10 mW (without optical ampliﬁers), high
conversion eﬃciency from a CW pump to a microcomb, various wavelength operation such
as in visible and mid-infrared wavelengths, and robustness against thermal and other noise.
Overcoming these problems will allow for practical applications which cannot be realized using
conventional mode-locked lasers.
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Appendix A
Analysis of soliton solution in a single
Lugiato-Lefever equation
In this appendix, soliton solution in a single LLE is brieﬂy introduced to help understanding
§6.4. The master equation and ansatz are obtained by setting σ and δ at zero in Eqs. (6.5)-(6.8).
An approximate solution for a dissipative soliton in an LLE can be obtained using a Lagrangian
perturbation approach by regarding input and loss terms as a perturbation [146,170,171]. When
Eq. (6.5) is used for the analysis in a single LLE, the Lagrangian density L and perturbation R
have a relation as
∂L
∂u∗
− ∂
∂τ
∂L
∂( ∂u∗∂τ )
− ∂
∂θ
∂L
∂( ∂u∗∂θ )
= R , (A.1)
which is led based on the principle of least action that the energy integral of physics path from
one to another state takes minimum. Here the Lagrangian density L and perturbation R are
L = 1
2
(
u∗
∂u
∂τ
− u∂u
∗
∂τ
)
+ iα |u|2 + i1
2
∂u∂θ

2
− i1
2
|u|4 , (A.2)
R = F − u . (A.3)
Eqs. (6.7), (A.2), and (A.3) are solved by following
∂L0
∂rj
− d
dτ
∂L0
∂( ∂rj∂τ )
=
∫ (
R ∂u
∗
∂rj
− R∗ ∂u
∂rj
)
dθ , (A.4)
L0 =
∫
L dθ =
∫ {
1
2
(
u∗
∂u
∂τ
− u∂u
∗
∂τ
)
+ iα |u|2 + i1
2
∂u∂θ

2
− i1
2
|u|4
}
dθ
= i2B
∂ϕ0
∂τ
+ i2Bα + i
1
3
B3 − i2
3
B3
= i2B
∂ϕ0
∂τ
+ i2Bα − i1
3
B3 , (A.5)
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where rj denotes the time-dependent coordinates. By using the ansatz in Eq. (6.7), Eq. (A.4)
with r1 = B and r2 = ϕ0 is solved as
dB
dτ
= −2B + πF cos ϕ0 , (A.6)
dϕ0
dτ
=
1
2
B2 − α . (A.7)
These lead to the stationary soliton parameters (dB/dτ = 0, dϕ0/dτ = 0): cos ϕ0 = 2B/(πF),
B =
√
2α, and αmax = π2F2/8 (maximum α for the stationary soliton).
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Appendix B
Delayed self-heterodyne measurement
I evaluated linewidths of pump and reference lasers using delayed self-heterodyne measurement
with an experimental setup, as shown in Fig. B.1. The laser light was divided into two pathways.
One pathway had a delay line of a 2 km single-mode ﬁber to be incoherent between the divided
two light. The minimum measurable linewidth Δν in this system is determined by the length of
the delay line as
Δν =
c
nLﬁber
, (B.1)
where c is the speed of light, n is the refractive index of the delay line material, and Lﬁber is
the length of the delay line. For example, this system with a 2 km delay line can measure a
linewidth down to around 100 kHz. On the other hand, the other pathway has a phase modulator
which creates frequency-shifted sidebands from the carrier. One sideband is ﬁltered out using
a bandpass ﬁlter. The combined light is launched to a photodetector that makes the delayed
self-heterodyne signal. Figure B.1(b) shows the self-heterodyne signals with (blue) and without
(green) the delay line. Without the delay line, since the divided light in two pathways was
coherent, the heterodyne signal had a near zero linewidth. On the other hand, with the delay
line, the self-heterodyne signal had a linewidth of 220 kHz (> Δν). Figure B.1(c) shows delayed
self-heterodyne signals with two diﬀerent external-cavity diode lasers (Santec TSL-510 and
TSL-710), whose linewidths were 356 and 220 kHz, respectively.
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Fig. B.1: (a) Experimental setup of delayed self-heterodyne measurement for laser linewidths.
One pathway is to a delay line (2 km single-mode ﬁber) and the other is to a phase modulator
which creates frequency-shifted sidebands from the carrier. One sideband is ﬁltered out using a
bandpass ﬁlter. The combined light is launched to a photodetector that makes the delayed self-
heterodyne signal. TLD: tunable laser diode, SMF: single-mode ﬁber, FPC: ﬁber polarization
controller, PM: phase modulator, SG: electrical signal generator, BPF: bandpass ﬁlter, EDFA:
erbium-doped ﬁber ampliﬁer, PD: photodetector, ESA: electrical spectrum analyzer. (b) Self-
heterodyne signals with (blue) and without (green) the delay line. Without the delay line, since
the divided light in two pathways is coherent, the heterodyne signal has near zero linewidth.
(c) Delayed self-heterodyne signals of two external-cavity diode lasers (Santec TSL-510 and
TSL-710), whose linewidths are 356 and 220 kHz, respectively.
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Dual-pump to a single transverse mode
The microcomb generation usually adopts single frequency pumping. In this case, the comb
formation starts with degenerate FWM that determines the comb properties such as the mode
spacings and the coherence. On the other hand, dual-pumping techniques can manipulate the
properties by using two individual pump lasers [172], two tunable bandpass ﬁlters in a loop
cavity [173], or a modulated single pump laser [174, 175].
Here, I demonstrated dual-pumpmicrocomb generation, whosemode spacing was controlled
by selecting the two pump modes. The two individual pump lasers were combined and launched
to a toroid microresonator which has a 555 GHz cavity FSR. The total pump power was around
300 mW. Figure C.1 shows the microcomb spectra, which have mode spacings corresponding
to between 1- to 6-FSR of the toroid microresonator. The two pumped resonances, which are
shown with red arrows, belong to same transverse mode. As shown in Fig. C.1, the control
of mode spacing was clearly demonstrated. In addition, we performed the same experiment
with 160 mW pump power which is near threshold for FWM. Although (degenerate) FWM
could not be observed with single frequency pumping, (non-degenerate) FWM occurred with
dual-pumping (80 mW in each pump laser). This is because threshold power for non-degenerate
FWM is lower than that for degenerate FWM [172].
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Fig. C.1: Dual-pumped microcomb spectra in a toroid microresonator which has a cavity FSR
of 555 GHz. The mode spacing of the generated microcomb was controlled by selecting the
pump modes, which are represented with red arrows. The total pump power was 300 mW.
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Appendix D
Coupling strength control with octagonal
toroid microresonators
Light is usually coupled to a whispering-gallery mode microresonator using a tapered ﬁber.
However, it is diﬃcult to stabilize the optical coupling against mechanical vibration because it
requires sub-μm control of the gap distance between the ﬁber and resonator. Here, the author
experimentally demonstrates mechanically robust coupling that allows the tapered ﬁber to touch
the sidewall of the resonator. By using an octagonal toroid microresonator, the resonator-
waveguide system from over coupling is prevented and critical coupling is achieved even when
the ﬁber is in contact with the surface of the resonator. It is shown by numerical analysis that
such a deformed microresonator is required if to control the coupling is needed, since a circular
resonator usually over-couples when the ﬁber contacts the surface. The fabricated octagonal
silica toroid microresonator exhibits a quality factor of 2.2× 104 when the tapered ﬁber touches
a resonator with a diameter of 80 μm.
D.1 Introduction
The optical coupling condition has three regimes, namely, under coupling (K < 1), critical
coupling (K = 1) and over coupling (K > 1), where K is given as K = κc/κi = Qi/Qc. The
power transmission from a microresonator through a coupler is given as
(Transmission) = (K − 1)
2
(K + 1)2 , (D.1)
as explained in §2.1.1. A critical coupling condition is the most eﬀective regime in which to
perform various demonstrations [117, 118]. However, it should be noted that stable coupling is
usually not easy to achieve.
In previous studies, deformed microresonators such as an elliptic silica toroid, a polygonal
siliconmicrodisk and a hexagonal crystalline rod have been investigated, for instance, to enhance
coupling with free space [176] or to obtain optimal coupling with a waveguide [177–179]. Since
a deformed microresonator exhibits diﬀerent mode structures, it would be a good idea to use
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Fig. D.1: Schematic illustration of the process for fabricating an octagonal toroidmicroresonator.
the modulation of the resonator shape to control the optical coupling. The purpose is to
experimentally demonstrate mechanically stable optical coupling by changing the resonator
shape from circular to octagonal. I attempt to obtain critical coupling, even when the tapered
ﬁber is in contact with the resonator, which is a challenging task. This enables us to achieve
higher Qc (it means higher Q if Qi is much higher than Qc) by using octagonal resonator than
circular resonator whose size is same.
D.2 Fabrication of octagonal silica toroid microresonators
I use a silica toroid microresonator fabricated on a silicon chip. The conventional process
for fabricating a circular toroid microresonator has three steps. First, a circular silica disk is
fabricated on a thermo-oxidized silicon wafer by photolithography and the HF etching of silica.
Then a silica disk on silicon post is formed by the selective isotropic etching of silicon with
XeF2 gas. Finally, laser reﬂow process is employed with a CO2 laser beam, where the structure
is heated and its rim melted. This process gives the edge of the silica disk a toroidal shape. The
disk edge has a very smooth surface and reduces the scattering loss. As a result, an ultrahigh-Q
is obtained. It should be noted that the resonator shape is dependent on the shape of the silicon
post, because the post works as a heat sink during the laser reﬂow process. Here, I employ
silicon anisotropic etching in potassium hydroxide (KOH) solution to fabricate an octagonal
resonator. In brief, fabricating an octagonal silicon post by anisotropic etching enables us to
realize an octagonal toroid resonator.
Isotropic etchants such as XeF2 gas etch <100>, <110> and <111> crystal faces at the same
rate, so an undercut silicon post has a circular shape. On the other hand, anisotropic etching
with KOH etches <100> and <110> crystal faces faster. As a result, the silicon post will form
an octagonal cross section [179, 180]. By combining both isotropic and anisotropic etching, I
obtained an optimized equilateral octagonal shape. Figure D.1 shows the fabrication process.
The diﬀerence from an octagon with a circular toroidal resonator is the use of KOH etching.
First a 100 μm silica disk is fabricated on a silicon wafer. Then, the silicon is etched by XeF2 gas
to obtain an 80 μm diameter post. Then KOH at a temperature of 45◦C is used for the anisotropic
etching. The sample is etched for 40 min to realize an optimized octagonal shape. Finally, a
CO2 laser reﬂow process is employed. Figure D.2 shows a SEM image of a fabricated octagonal
toroid microresonator with a resonator diameter of 80 μm and a toroidal waveguide diameter of
3.5 μm. The image shows that the curvatures of the sidewall and the corner are about 240 μm
and 20 μm, respectively.
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Fig. D.2: SEM images of a fabricated octagonal silica toroid microresonator.
D.3 Opticalmeasurement of octagonal toroidmicroresonators
In our previous work [180], an octagonal toroid resonator will exhibit a theoretical Q of 8.8×106
is numerically shown. A close view of the resonator mode reveals that the light propagates close
to the surface at the corner but slightly inward at the sidewall. This feature allows us to change
the coupling coeﬃcient of the resonator mode with a tapered ﬁber by either contacting it at
the corner or at the sidewall of the resonator. Here the author shows experimentally that the
coupling coeﬃcient is diﬀerent and much higher Qc can be obtained even when the ﬁber is in
contact with the resonator.
I measured the transmission spectrum of the octagonal resonator using a conventional tapered
ﬁber setup. The diameter of the tapered ﬁber was about 1-2 μm. The resonator was set on the
3-axis motorized stage (10 nm resolution) to control the gap between the ﬁber. The distance
is monitored with a microscope from the top and side of the device. The position of the rim
of the toroid microresonator is about 15 μm high from the surface of the silicon wafer, so the
tapered ﬁber can be adjusted without touching it with the wafer. I placed the ﬁber at the sidewall
(sidewall coupling) and at the corner (corner coupling) of the octagonal resonator and changed
the gap distance between the ﬁber and the resonator.
Figure D.3(a) is the dip depth of the resonance spectrum of the resonator for diﬀerent gap
distances. Since the transmittance of a side-coupled resonator at a resonant wavelength is
given by Eq. (D.1), the depth is largest when the resonator is in a critical coupling condition.
Figure D.3(a) shows that a gap distance of 200 to 300 nm obtains critical coupling when the
waveguide couples with the resonator at the corner. It over-couples with the resonator when the
ﬁber is in contact with the resonator surface. On the other hand, it is close to or at the critical
coupling condition when the ﬁber couples with the sidewall of the resonator. This is because the
coupling coeﬃcient is dependent to the overlap of the mode ﬁeld distributions of the resonator
and the ﬁber. Since the curvatures of the sidewall are larger than that of the corner, the light
propagates closer to the surface at the corner than at the sidewall. These results are in good
agreement with the previous simulation. The transmittance spectrum is shown in Fig. D.3(b),
and the Q values of fundamental mode were 2.2 × 104 for sidewall coupling and 6.3 × 103 for
corner coupling (both in contact). Although the reason on the lower Q is not clear, the author
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(a) (b)
??????
Fig. D.3: (a) Transmission at the resonance with diﬀerent gap distances. Black and red sym-
bols indicate when the ﬁber touched the corner and the sidewall of an octagonal resonator,
respectively. The transmission is dependent to the coupling eﬃciency and it is at the lowest at
a critical coupling condition. (b) Measured transmission spectrum when a tapered ﬁber is in
contact (gap distance is 0 nm) at the sidewall (red) and the corner (black) of the resonator. The
low background transmittance for the sidewall coupling is due to the excitation of the low-Q
higher-order transverse mode.
believes it is due to the combination of several eﬀects, such as the residual surface roughness
and asymmetric deformation due to the process imperfectness. Throughout this study, I focus
on the resonances in the fundamental mode, which are indicated with asterisks. That can be
recognized because they appear at ﬁrst when approaching a ﬁber closer to the resonator starting
from a large gap distance. The fundamental mode, which is often of interest, usually exhibit the
smallest Qc among various modes, since it propagates closest to the resonator surface; hence
the Qc need to be controlled.
As I discuss in the next section, over coupling is obtained when the ﬁber contacts a circular
resonator. The use of a deformed resonator is a way to obtain high Qc even when a ﬁber is in
contact with the resonator to enable mechanical robustness.
D.4 Calculation of coupling coeﬃcient at zero gap with dif-
ferent microresonator structures
To show the need for a deformed resonator structure to obtain high Qc with ﬁber contact,
I performed a theoretical study of the coupling coeﬃcients. Since the fabricated octagonal
resonator has a curvatures of 240 μm at the sidewall and 20 μm at the corner (Fig. D.2), I used
mode proﬁles of circular toroid microresonators with curvatures of 240 and 20 μm to obtain the
coupling strength γc of an octagonal resonator. I conﬁrmed the validity of this approximation
by comparing the obtained coupling constant with results obtained using a ﬁnite-diﬀerence
time-domain method which is described in Ref. [179]. When a ﬁber couples with the resonator
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Fig. D.4: (a)Qc with respect to the gap distance between the ﬁber and resonator. The insets show
the cross sectional mode distributions of the whispering-gallery modes of a toroid resonator with
a minor diameter of 3.5 μm. These reveal the diﬀerence of mode distributions. (b) The structure
used for the calculation.
rim, as shown in the inset of Fig. D.4(b), γc is given by the following equations [181,182],
γ′c =
k0(n21 − n22)
∫ +W1
−W1E
∗
1E2dx
2n′1
∫ +∞
−∞|E2 |2dx
, (D.2)
γc =
∫ +∞
−∞
γ′c exp{−i(n′1 − n′2)k0z}dz , (D.3)
where γ′c is the coupling strength between two waveguides with diﬀerent refractive indices. E1
and E2 are the electrical ﬁelds in the ﬁber and in the toroid resonator, respectively. n1, n2,
n′1, and n
′
2 are the refractive indices of the waveguide, vacuum, and the eﬀective indices of the
waveguide, vacuum, respectively. W1 is the radius of the coupling ﬁber. k0 is the wave number
in vacuum. The light in the ﬁber propagates in the z direction as shown by the coordinate in
Fig. D.4(b).
I calculate the electric ﬁeld distributions of a toroid resonator and a coupling waveguide by
using the ﬁnite element method (COMSOL Multiphysics) and the beam propagation method
(BeamPROP), respectively. The whispering-gallery mode in a toroid resonator is shown in the
inset of Fig. D.4(a). Figure D.4(b) shows the calculated Qc as a function of the air gap distances
for diﬀerent resonator radiuses, which are obtained from the γc value derived by Eqs. (D.2) and
(D.3). The minor diameter of the toroid (the waveguide width of the toroid microresonator) is
3.5 μm and the tapered ﬁber diameter 2W1 is 1.8 μm. The stronger coupling (i.e. lower Qc) is
clearly obtained when the gap is small. In addition, Qc is lower for smaller radius, because the
electrical ﬁeld distribution becomes closer to the surface.
This is of particular interest when the air gap distance is 0 nm. To compare a circular and an
octagonal resonator, I calculated the coupling eﬃciency of a circular resonator with a diameter of
80 μm, which is in the same size of the fabricated octagonal resonator. The result in Fig. D.4(a)
shows that a circular resonator whose Qi is larger than 106 always over-couples and it is not
possible to obtain critical coupling when the ﬁber touches the resonator surface. On the other
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hand, since an octagonal resonator has two diﬀerent coupling points (sidewall and corner), it
enables us to obtain Qc with a value larger than 105. The use of a thicker ﬁber enables the mode
of the ﬁber to be conﬁned more strongly in the core and allows a smaller coupling strength.
However, if the waveguide is too thick, such as 2W1 > 1.15 μm, it becomes multi-mode and is
no longer suitable for various applications. Hence it is diﬃcult to obtain critical coupling with
a circular resonator at contact. Another method that may achieve critical coupling at a zero gap
is for the tapered ﬁber to make contact slightly oﬀset from the center of the toroid resonator
rim. However, in this case, a higher order mode will exhibit strong coupling, which makes
observation of the fundamental mode extremely diﬃcult and it even exhibits coupling between
diﬀerent modes. Again, this is not suitable for applications. Hence, the use of a deformed
resonator that allows the ﬁber to touch the sidewall is a powerful way to achieve high Qc that
will allow us to have high mechanical stability.
D.5 Summary
The author fabricated a smooth octagonal silica toroid microresonator by combining KOH
etching with a conventional toroid fabrication process. A Q of 2.2 × 104 was measured when
the tapered ﬁber touched the toroid resonator. The characteristics of an octagonal toroid enable
us to obtain a higher Qc at the sidewall, and a lower Qc at the corner. Even when the ﬁber
is in contact with the resonator, a whispering-galley mode resonator system with mechanical
robustness and high Qc can be realized.
110
Appendix E
Constants, symbols, and relations
Table. E.1: The most important constants, symbols, and relations.
Symbol Unit Meaning
c m/s speed of light, c = 2.99792458 × 108 m/s
 J·s/rad Planck constant devided by 2π,  = 1.0545718 × 10−34 J·s/rad
n - refractive index, n = 1.44 in silica
n2 m2/W nonlinear refractive index, n2 = 2.2 × 10−22 m2/W in silica
m - mode number, m ∈ N
μ - mode number oﬀset from pump mode, μ ∈ Z
ω0 rad·Hz optical resonance frequency (of pump mode)
ωp rad·Hz optical pump frequency
Δω0 rad·Hz pump detuning, Δω0 = ωp − ω0
κi s−1 intrinsic decay rate
κc s−1 coupling rate to the external waveguide
κ s−1 total cavity decay rate, κ = κi + κc
η - coupling parameter, η = κc/κ
K - coupling parameter, K = κc/κi
Qi - intrinsic optical quality factor, Qi = ω0/κi
Qc - coupling optical quality factor, Qc = ω0/κc
Q - total optical quality factor, Q = ω0/κ
tr s roundtrip time
L m roundtrip length of the cavity, L = trc/n
R m cavity radius, 2πR ≈ L
D1 rad·Hz cavity free spectral range, D1/2π = d1 = t−1r
D2 rad·Hz second order dispersion, D2 > 0 denotes anomalous dispersion,
D2/2π = d2
D3 rad·Hz third order dispersion, D3/2π = d3
Dint rad·Hz total dispersion, Dint = ωμ − ω0 − D1μ = 12D2μ2 + 16D3μ3 · · ·
Aeﬀ m2 eﬀective mode area
g rad·Hz optical nonlinear coeﬃcient, g = (ω20n2D1)/(2πnAeﬀ)
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Table. E.2: The most important constants, symbols, and relations.
Symbol Unit Meaning
Pin W input pump power to the waveguide
a0 - intracavity ﬁeld (of pump mode), |a0 |2 corresponds to the intra-
cavity photon number
sin - input ﬁeld to the waveguide, ω0 |sin |2 = Pin
t s slow time
φ rad angular coordinate in the microresonator
a, b - internal ﬁeld in the microresonator as functions of t and φ
Ωm rad·Hz mechanical oscillation frequency
Γm s−1 mechanical damping rate
Γopt s−1 optomechanical damping rate
Γeﬀ s−1 eﬀective mechanical damping rate, Γeﬀ = Γm + Γopt
Qm - mechanical quality factor, Qm = Ωm/Γm
meﬀ kg eﬀective mass
G rad·Hz/m resonance frequency shift per displacement, G = ∂ω0/∂x
xZPF m mechanical zero-point ﬂuctuation, xZPF =
√
/(2meﬀΩm)
gom rad·Hz optomechanical single-photon coupling strength
fR - Raman contribution coeﬃcient, fR = 0.18 in silica
gR m/W Raman gain, gR(max) = 6.2×10−14 m/W at 13.2 THz shift in silica
GR rad·Hz nonlinear Raman coeﬃcient, GR = gR(cD1ωm)/(4πnAeﬀ)
σ - XPM coeﬃcient, σ = 2/3 for orthogonal polarizations
ΔD1 rad·Hz diﬀerence of the cavity FSRs, ΔD1 = D1(b) − D1(a)
τ - generalized slow time, τ = κt/2
θ rad generalized angular coordinate in the microresonator
u, v - generalized internal ﬁeld in the microresonator as functions of τ
and θ
α - generalized detuning, α = −2Δω0/κ
β - generalized dispersion, β = D2/κ
γ - generalized diﬀerence of the cavity FSRs, γ = ΔD1/κ
F - generalized parameter related to the optical coupling and nonlin-
earity, F = (2sin/κ)
√
2gκc/κ
δ - pulse advance and delay in the azimuthal angular coordinate
B - soliton parameter related to the pulse peak and width
ϕ0 rad relative phase of the carrier from the soliton envelope
L - Lagrangian density
L0 - Lagrangian, L0 =
∫
L dθ
R - perturbation
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Abbreviations
Table. F.1: The list of important abbreviations
Abbreviation Original expression
ASE ampliﬁed spontaneous emission
BPF bandpass ﬁlter
CW continuous-wave
EDFA erbium-doped ﬁber ampliﬁer
ESA electrical spectrum analyzer
FG electrical function generator
FPC ﬁber polarization controller
FSR free spectral range
FWM four-wave mixing
LLE Lugiato-Lefever equation
MZI ﬁber Mach-Zehnder interferometer
OMPO optomechanical parametric oscillation
OSA optical spectrum analyzer
OSC oscilloscope
PD photodetector
PM phase modulator
PWM power meter
RF radio frequency
SBS stimulated Brillouin scattering
SEM scanning electron microscope
SG electrical signal generator
SHG second-harmonic generation
SPM self-phase modulation
SRS stimulated Raman scattering
THG third-harmonic generation
TLD tunable laser diode
XPM cross-phase modulation
113

Bibliography
Bibliography
[1] A. L. Schawlow and C. H. Townes, “Infrared and optical masers,” Phys. Rev. 112, 1940–
1949 (1958).
[2] T. H. Maiman, “Stimulated optical radiation in ruby,” Nature 187, 493–494 (1960).
[3] K. J. Vahala, “Optical microcavities,” Nature 424, 839–846 (2003).
[4] A. B. Matsko, Practical applications of microresonators in optics and photonics (CRC
Press, 2009).
[5] P. Del’Haye, A. Schliesser, O. Arcizet, T. Wilken, R. Holzwarth, and T. Kippenberg,
“Optical frequency comb generation from a monolithic microresonator,” Nature 450,
1214–1217 (2007).
[6] T. J. Kippenberg, R. Holzwarth, and S. A. Diddams, “Microresonator-based optical
frequency combs,” Science 332, 555–559 (2011).
[7] A. M. Weiner, “Cavity solitons come of age,” Nat. Photonics 11, 533–535 (2017).
[8] F. Vollmer and S. Arnold, “Whispering-gallery-mode biosensing: label-free detection
down to single molecules,” Nat. Methods 5, 591–596 (2008).
[9] F. Vollmer and L. Yang, “Label-free detection with high-Q microcavities: a review of
biosensing mechanisms for integrated devices,” Nanophotonics 1, 267–291 (2012).
[10] M. R. Foreman, J. D. Swaim, and F. Vollmer, “Whispering gallery mode sensors,” Adv.
Opt. Photon. 7, 168–240 (2015).
[11] A. E. Willner, S. Khaleghi, M. R. Chitgarha, and O. F. Yilmaz, “All-optical signal
processing,” J. Light. Technol. 32, 660–680 (2014).
[12] H. Kimble, “The quantum internet,” Nature 453, 1023–1030 (2008).
[13] T. J. Kippenberg and K. J. Vahala, “Cavity optomechanics: back-action at the mesoscale,”
Science 321, 1172–1176 (2008).
[14] M. Aspelmeyer, T. J. Kippenberg, and F. Marquardt, “Cavity optomechanics,” Rev. Mod.
Phys. 86, 1391–1452 (2014).
115
Bibliography
[15] V. S. Ilchenko and A. B. Matsko, “Optical resonators with whispering-gallery modes-part
ii: applications,” IEEE J. Sel. Top. Quantum Electron. 12, 15–32 (2006).
[16] M. L. Gorodetsky, A. A. Savchenkov, and V. S. Ilchenko, “Ultimate Q of optical micro-
sphere resonators,” Opt. Lett. 21, 453–455 (1996).
[17] D. K. Armani, T. J. Kippenberg, S. M. Spillane, and K. J. Vahala, “Ultra-high-Q toroid
microcavity on a chip,” Nature 421, 925–928 (2003).
[18] H. Lee, T. Chen, J. Li, K. Y. Yang, S. Jeon, O. Painter, and K. J. Vahala, “Chemically
etched ultrahigh-Q wedge-resonator on a silicon chip,” Nat. Photonics 6, 369–373 (2012).
[19] I. S. Grudinin, A. B. Matsko, A. A. Savchenkov, D. Strekalov, V. S. Ilchenko, and
L. Maleki, “Ultra high Q crystalline microcavities,” Opt. Comm. 265, 33–38 (2006).
[20] C. Lecaplain, C. Javerzac-Galy, M. Gorodetsky, and T. Kippenberg, “Mid-infrared ultra-
high-Q resonators based on ﬂuoride crystalline materials,” Nat. Commun. 7, 13383
(2016).
[21] V. S. Ilchenko, A. A. Savchenkov, A. B. Matsko, and L. Maleki, “Generation of Kerr
frequency combs in a sapphire whispering gallery mode microresonator,” Opt. Eng. 53,
122607 (2014).
[22] C.-Y. Chao, W. Fung, and L. J. Guo, “Polymer microring resonators for biochemical
sensing applications,” IEEE J. Sel. Top. Quantum Electron. 12, 134–142 (2006).
[23] F. Vanier, M. Rochette, N. Godbout, and Y.-A. Peter, “Raman lasing in As2S3 high-Q
whispering gallery mode resonators,” Opt. Lett. 38, 4966–4969 (2013).
[24] J. Lin, Y. Xu, Z. Fang, M. Wang, J. Song, N. Wang, L. Qiao, W. Fang, and Y. Cheng,
“Fabrication of high-Q lithium niobate microresonators using femtosecond laser micro-
machining,” Sci. Rep. 5, 8072 (2015).
[25] Y. Xuan, Y. Liu, L. T. Varghese, A. J. Metcalf, X. Xue, P.-H. Wang, K. Han, J. A.
Jaramillo-Villegas, A. A. Noman, C. Wang, S. Kim, M. Teng, Y. J. Lee, B. Niu, L. Fan,
J. Wang, D. E. Leaird, A. M. Weiner, and M. Qi, “High-Q silicon nitride microresonators
exhibiting low-power frequency comb initiation,” Optica 3, 1171–1180 (2016).
[26] A. Griﬃth, J. Cardenas, C. B. Poitras, and M. Lipson, “High quality factor and high
conﬁnement silicon resonators using etchless process,” Opt. Express 20, 21341–21345
(2012).
[27] M. Ferrera, L. Razzari, D. Duchesne, R. Morandotti, Z. Yang, M. Liscidini, J. Sipe,
S. Chu, B. Little, and D. Moss, “Low-power continuous-wave nonlinear optics in doped
silica glass integrated waveguide structures,” Nat. Photonics 2, 737–740 (2008).
[28] H. Jung, C. Xiong, K. Y. Fong, X. Zhang, and H. X. Tang, “Optical frequency comb
generation from aluminum nitride microring resonator,” Opt. Lett. 38, 2810–2813 (2013).
116
Bibliography
[29] L. Ottaviano, M. Pu, E. Semenova, and K. Yvind, “Low-loss high-conﬁnement waveg-
uides andmicroring resonators inAlGaAs-on-insulator,” Opt. Lett. 41, 3996–3999 (2016).
[30] B. Hausmann, I. Bulu, V. Venkataraman, P. Deotare, and M. Lončar, “Diamond nonlinear
photonics,” Nat. Photonics 8, 369–374 (2014).
[31] E. Obrzud, S. Lecomte, and T. Herr, “Temporal solitons in microresonators driven by
optical pulses,” Nat. Photonics 11, 600–607 (2017).
[32] D. J. Jones, S. A. Diddams, J. K. Ranka, A. Stentz, R. S. Windeler, J. L. Hall, and S. T.
Cundiﬀ, “Carrier-envelope phase control of femtosecond mode-locked lasers and direct
optical frequency synthesis,” Science 288, 635–639 (2000).
[33] T. Udem, R. Holzwarth, and T. W. Hänsch, “Optical frequency metrology,” Nature 416,
233–237 (2002).
[34] S. T. Cundiﬀ and J. Ye, “Colloquium: femtosecond optical frequency combs,” Rev. Mod.
Phys. 75, 325–342 (2003).
[35] T. W. Hänsch, “Nobel lecture: passion for precision,” Rev. Mod. Phys. 78, 1297–1309
(2006).
[36] H. Schnatz, B. Lipphardt, J. Helmcke, F. Riehle, and G. Zinner, “First phase-coherent
frequency measurement of visible radiation,” Phys. Rev. Lett. 76, 18–21 (1996).
[37] J. K. Ranka, R. S. Windeler, and A. J. Stentz, “Visible continuum generation in air–silica
microstructure optical ﬁbers with anomalous dispersion at 800 nm,” Opt. Lett. 25, 25–27
(2000).
[38] F. Leo, S. Coen, P. Kockaert, S.-P. Gorza, P. Emplit, andM.Haelterman, “Temporal cavity
solitons in one-dimensional Kerr media as bits in an all-optical buﬀer,” Nat. Photonics 4,
471–476 (2010).
[39] T. Herr, V. Brasch, J. D. Jost, C. Y. Wang, N. M. Kondratiev, M. L. Gorodetsky, and T. J.
Kippenberg, “Temporal solitons in optical microresonators,” Nat. Photonics 8, 145–152
(2014).
[40] T. Herr, “Solitons and dynamics of frequency comb formation in optical microresonators”,
PhD. Thesis (Swiss Federal Institute of Technology in Lausanne, 2013).
[41] T. J. Kippenberg, A. L. Gaeta, M. Lipson, and M. L. Gorodetsky, “Dissipative Kerr
solitons in optical microresonators,” Science 361, eaan8083 (2018).
[42] X. Yi, Q.-F. Yang, K. Y. Yang, M.-G. Suh, and K. Vahala, “Soliton frequency comb at
microwave rates in a high-Q silica microresonator,” Optica 2, 1078–1085 (2015).
117
Bibliography
[43] S. Zhang, J. Silver, L. D. Bino, F. Copie, M.Woodley, G. Ghalanos, A. Svela, N.Moroney,
and P. Del’Haye, “μW-level microresonator solitons with extended stability range using
an auxiliary laser,” arXiv preprint arXiv:1809.10030 (2018).
[44] P.-H. Wang, J. A. Jaramillo-Villegas, Y. Xuan, X. Xue, C. Bao, D. E. Leaird, M. Qi, and
A.M.Weiner, “Intracavity characterization ofmicro-combgeneration in the single-soliton
regime,” Opt. Express 24, 10890–10897 (2016).
[45] C. Joshi, J. K. Jang, K. Luke, X. Ji, S. A. Miller, A. Klenner, Y. Okawachi, M. Lipson,
and A. L. Gaeta, “Thermally controlled comb generation and soliton modelocking in
microresonators,” Opt. Lett. 41, 2565–2568 (2016).
[46] V. Brasch, M. Geiselmann, T. Herr, G. Lihachev, M. H. P. Pfeiﬀer, M. L. Gorodetsky, and
T. J. Kippenberg, “Photonic chip–based optical frequency comb using soliton Cherenkov
radiation,” Science 351, 357–360 (2016).
[47] Z. Gong, A. Bruch, M. Shen, X. Guo, H. Jung, L. Fan, X. Liu, L. Zhang, J. Wang,
J. Li, J. Yan, and H. X. Tang, “High-ﬁdelity cavity soliton generation in crystalline AlN
micro-ring resonators,” Opt. Lett. 43, 4366–4369 (2018).
[48] M. H. P. Pfeiﬀer, C. Herkommer, J. Liu, H. Guo, M. Karpov, E. Lucas, M. Zervas, and
T. J. Kippenberg, “Octave-spanning dissipative Kerr soliton frequency combs in Si3N4
microresonators,” Optica 4, 684–691 (2017).
[49] P. Del’Haye, A. Coillet, T. Fortier, K. Beha, D. C. Cole, K. Y. Yang, H. Lee, K. J.
Vahala, S. B. Papp, and S. A. Diddams, “Phase-coherent microwave-to-optical link with
a self-referenced microcomb,” Nat. Photonics 10, 516–520 (2016).
[50] P. Marin-Palomo, J. N. Kemal, M. Karpov, A. Kordts, J. Pfeiﬂe, M. H. P. Pfeiﬀer,
P. Trocha, S. Wolf, V. Brasch, M. H. Anderson, R. Rosenberger, K. Vijayan, W. Freude,
T. J. Kippenberg, and C. Koos, “Microresonator-based solitons for massively parallel
coherent optical communications,” Nature 546, 274–279 (2017).
[51] A. Fülöp, M. Mazur, A. Lorences-Riesgo, O. B. Helgason, P.-H. Wang, Y. Xuan, D. E.
Leaird, M. Qi, P. A. Andrekson, A. M. Weiner, and V. Torres-Company, “High-order
coherent communications using mode-locked dark-pulse Kerr combs from microres-
onators,” Nat. Commun. 9, 1598 (2018).
[52] J. Pfeiﬂe, A. Coillet, R. Henriet, K. Saleh, P. Schindler, C. Weimann, W. Freude, I. V.
Balakireva, L. Larger, C. Koos, and Y. K. Chembo, “Optimally coherent Kerr combs
generated with crystalline whispering gallery mode resonators for ultrahigh capacity ﬁber
communications,” Phys. Rev. Lett. 114, 093902 (2015).
[53] I. Coddington, N. Newbury, and W. Swann, “Dual-comb spectroscopy,” Optica 3, 414–
426 (2016).
[54] T. Ideguchi, “Dual-comb spectroscopy,” Opt. Photon. News 28, 32–39 (2017).
118
Bibliography
[55] M.-G. Suh, Q.-F. Yang, K. Y. Yang, X. Yi, and K. J. Vahala, “Microresonator soliton
dual-comb spectroscopy,” Science 354, 600–603 (2016).
[56] A. Dutt, C. Joshi, X. Ji, J. Cardenas, Y. Okawachi, K. Luke, A. L. Gaeta, and M. Lipson,
“On-chip dual-comb source for spectroscopy,” Sci. Adv. 4, e1701858 (2018).
[57] M. Yu, Y. Okawachi, A. G. Griﬃth, N. Picqu?, M. Lipson, and A. L. Gaeta, “Silicon-
chip-based mid-infrared dual-comb spectroscopy,” Nat. Commun. 9, 1869 (2018).
[58] C. Bao, M.-G. Suh, and K. Vahala, “Microresonator soliton dual-comb imaging,” arXiv
preprint arXiv:1809.09766 (2018).
[59] I. Coddington, W. C. Swann, L. Nenadovic, and N. R. Newbury, “Rapid and precise
absolute distance measurements at long range,” Nat. Photonics 3, 351–356 (2009).
[60] M.-G. Suh and K. J. Vahala, “Soliton microcomb range measurement,” Science 359,
884–887 (2018).
[61] P. Trocha, M. Karpov, D. Ganin, M. H. P. Pfeiﬀer, A. Kordts, S. Wolf, J. Krockenberger,
P. Marin-Palomo, C. Weimann, S. Randel, W. Freude, T. J. Kippenberg, and C. Koos,
“Ultrafast optical ranging using microresonator soliton frequency combs,” Science 359,
887–891 (2018).
[62] R. A. McCracken, J. M. Charsley, and D. T. Reid, “A decade of astrocombs: recent
advances in frequency combs for astronomy,” Opt. Express 25, 15058–15078 (2017).
[63] M.-G. Suh, X. Yi, Y.-H. Lai, S. Leifer, I. S. Grudinin, G. Vasisht, E. C. Martin, M. P.
Fitzgerald, G. Doppmann, J. Wang, D. Mawet, S. B. Papp, S. A. Diddams, C. Beich-
man, and K. Vahala, “Searching for exoplanets using a microresonator astrocomb,” Nat.
Photonics 13, 25–30 (2019).
[64] E.Obrzud,M.Rainer, A.Harutyunyan,M.H.Anderson, J. Liu,M.Geiselmann, B.Chaze-
las, S. Kundermann, S. Lecomte, M. Cecconi, A. Ghedina, E. Molinari, F. Pepe, F. Wildi,
F. Bouchy, T. J. Kippenberg, and T. Herr, “A microphotonic astrocomb,” Nat. Photonics
13, 31–35 (2019).
[65] J. D. Jost, J. L. Hall, and J. Ye, “Continuously tunable, precise, single frequency optical
signal generator,” Opt. Express 10, 515–520 (2002).
[66] D. T. Spencer, T. Drake, T. C. Briles, J. Stone, L. C. Sinclair, C. Fredrick, Q. Li, D. Westly,
B. R. Ilic, A. Bluestone, N. Volet, T. Komljenovic, L. Chang, S. H. Lee, D. Y. Oh, M.-
G. Suh, K. Y. Yang, M. H. P. Pfeiﬀer, T. J. Kippenberg, E. Norberg, L. Theogarajan,
K. Vahala, N. R. Newbury, K. Srinivasan, J. E. Bowers, S. A. Diddams, and S. B. Papp,
“An optical-frequency synthesizer using integrated photonics,” Nature 557, 81–85 (2018).
[67] X. Xue and A. M. Weiner, “Microwave photonics connected with microresonator fre-
quency combs,” Frontiers of Optoelectronics 9, 238–248 (2016).
119
Bibliography
[68] T. M. Fortier, M. S. Kirchner, F. Quinlan, J. Taylor, J. C. Bergquist, T. Rosenband,
N.Lemke, A.Ludlow,Y. Jiang, C.W.Oates, andS.A.Diddams, “Generation of ultrastable
microwaves via optical frequency division,” Nat. Photonics 5, 425–429 (2011).
[69] W. Liang, D. Eliyahu, V. S. Ilchenko, A. A. Savchenkov, A. B. Matsko, D. Seidel,
and L. Maleki, “High spectral purity Kerr frequency comb radio frequency photonic
oscillator,” Nat. Commun. 6, 7957 (2015).
[70] W. Weng, E. Lucas, G. Lihachev, V. E. Lobanov, H. Guo, M. L. Gorodetsky, and T. J.
Kippenberg, “Spectral puriﬁcation of microwave signals with disciplined dissipative Kerr
solitons,” Phys. Rev. Lett. 122, 013902 (2019).
[71] W. Liang, V. S. Ilchenko, A. A. Savchenkov, A. B. Matsko, D. Seidel, and L. Maleki,
“Passively mode-locked Raman laser,” Phys. Rev. Lett. 105, 143903 (2010).
[72] J. Li, H. Lee, and K. J. Vahala, “Microwave synthesizer using an on-chip Brillouin
oscillator,” Nat. Commun. 4, 2097 (2013).
[73] B. Stern, X. Ji, Y. Okawachi, A. L. Gaeta, and M. Lipson, “Battery-operated integrated
frequency comb generator,” Nature 562, 401–405 (2018).
[74] A. S. Raja, A. S.Voloshin, H.Guo, S. E.Agafonova, J. Liu, A. S.Gorodnitskiy,M.Karpov,
N. G. Pavlov, E. Lucas, R. R. Galiev, A. E. Shitikov, J. D. Jost, M. L. Gorodetsky, and
T. J. Kippenberg, “Electrically pumped photonic integrated soliton microcomb,” arXiv
preprint arXiv:1810.03909 (2018).
[75] L. Maleki, “The optoelectronic oscillator,” Nat. Photonics 5, 728–730 (2011).
[76] G. Lin, A. Coillet, and Y. K. Chembo, “Nonlinear photonics with high-Q whispering-
gallery-mode resonators,” Adv. Opt. Photon. 9, 828–890 (2017).
[77] C. H. Metzger and K. Karrai, “Cavity cooling of a microlever,” Nature 432, 1002–1005
(2004).
[78] H. Rokhsari, T. J. Kippenberg, T. Carmon, and K. J. Vahala, “Radiation-pressure-driven
micro-mechanical oscillator,” Opt. Express 13, 5293–5301 (2005).
[79] J. Hofer, A. Schliesser, and T. J. Kippenberg, “Cavity optomechanics with ultrahigh-Q
crystalline microresonators,” Phys. Rev. A 82, 031804 (2010).
[80] T. Carmon and K. J. Vahala, “Modal spectroscopy of optoexcited vibrations of a micron-
scale on-chip resonator at greater than 1 GHz frequency,” Phys. Rev. Lett. 98, 123901
(2007).
[81] T. Carmon, H. Rokhsari, L. Yang, T. J. Kippenberg, and K. J. Vahala, “Temporal behavior
of radiation-pressure-induced vibrations of an optical microcavity phonon mode,” Phys.
Rev. Lett. 94, 223902 (2005).
120
Bibliography
[82] R. H. Stolen, C. Lin, and R. K. Jain, “A time-dispersion-tuned ﬁber Raman oscillator,”
Appl. Phys. Lett. 30, 340–342 (1977).
[83] R. H. Stolen, C. Lee, and R. K. Jain, “Development of the stimulated Raman spectrum in
single-mode silica ﬁbers,” J. Opt. Soc. Am. B 1, 652–657 (1984).
[84] O. Boyraz and B. Jalali, “Demonstration of a silicon Raman laser,” Opt. Express 12,
5269–5273 (2004).
[85] S. M. Spillane, T. J. Kippenberg, and K. J. Vahala, “Ultralow-threshold Raman laser using
a spherical dielectric microcavity,” Nature 415, 621–623 (2002).
[86] T. J. Kippenberg, S. M. Spillane, B. Min, and K. J. Vahala, “Theoretical and experimental
study of stimulated and cascaded Raman scattering in ultrahigh-Q optical microcavities,”
IEEE J. Sel. Topics Quantum Electron. 10, 1219–1228 (2004).
[87] Ş. K. Oz¨demir, J. Zhu, X. Yang, B. Peng, H. Yilmaz, L. He, F. Moniﬁ, S. H. Huang, G. L.
Long, and L. Yang, “Highly sensitive detection of nanoparticles with a self-referenced
and self-heterodyned whispering-gallery Raman microlaser,” Proc. Natl. Acad. Sci. USA
111, E3836–E3844 (2014).
[88] Y. Ooka, Y. Yang, J. Ward, and S. N. Chormaic, “Raman lasing in a hollow, bottle-like
microresonator,” Appl. Phys Express 8, 092001 (2015).
[89] T. Kato, A. Hori, R. Suzuki, S. Fujii, T. Kobatake, and T. Tanabe, “Transverse mode
interaction via stimulated Raman scattering comb in a silica microcavity,” Opt. Express
25, 857–866 (2017).
[90] Q.-F. Yang, X. Yi, K. Y. Yang, and K. Vahala, “Stokes solitons in optical microcavities,”
Nat. Phys. 13, 53–57 (2017).
[91] H. Rong, S. Xu, Y.-H. Kuo, V. Sih, O. Cohen, O. Raday, and M. Paniccia, “Low-threshold
continuous-wave Raman silicon laser,” Nat. Photonics 1, 232–237 (2007).
[92] H. Rong, S. Xu, O. Cohen, O. Raday, M. Lee, V. Sih, and M. Paniccia, “A cascaded
silicon Raman laser,” Nat. Photonics 2, 170–174 (2008).
[93] I. S. Grudinin and L. Maleki, “Ultralow-threshold Raman lasing with CaF2 resonators,”
Opt. Lett. 32, 166–168 (2007).
[94] G. Lin and Y. K. Chembo, “Phase-locking transition in Raman combs generated with
whispering gallery mode resonators,” Opt. Lett. 41, 3718–3721 (2016).
[95] F. Vanier, Y.-A. Peter, andM. Rochette, “Cascaded Raman lasing in packaged high quality
As2S3 microspheres,” Opt. Express 22, 28731–28739 (2014).
121
Bibliography
[96] B.-B. Li, Y.-F. Xiao, M.-Y. Yan, W. R. Clements, and Q. Gong, “Low-threshold Raman
laser from an on-chip, high-Q, polymer-coated microcavity,” Opt. Lett. 38, 1802–1804
(2013).
[97] P. Latawiec, V. Venkataraman, M. J. Burek, B. J. M. Hausmann, I. Bulu, and M. Lončar,
“On-chip diamond Raman laser,” Optica 2, 924–928 (2015).
[98] X. Liu, C. Sun, B. Xiong, L. Wang, J. Wang, Y. Han, Z. Hao, H. Li, Y. Luo, J. Yan,
T. Wei, Y. Zhang, and J. Wang, “Integrated continuous-wave aluminum nitride Raman
laser,” Optica 4, 893–896 (2017).
[99] A. G. Griﬃth, M. Yu, Y. Okawachi, J. Cardenas, A. Mohanty, A. L. Gaeta, and M. Lipson,
“Coherent mid-infrared frequency combs in silicon-microresonators in the presence of
Raman eﬀects,” Opt. Express 24, 13044–13050 (2016).
[100] X. Liu, C. Sun, B. Xiong, L. Wang, J. Wang, Y. Han, Z. Hao, H. Li, Y. Luo, J. Yan,
T. Wei, Y. Zhang, and J. Wang, “Integrated high-Q crystalline AlN microresonators for
broadband Kerr and Raman frequency combs,” ACS Photonics 5, 1943–1950 (2018).
[101] C. Milián, A. V. Gorbach, M. Taki, A. V. Yulin, and D. V. Skryabin, “Solitons and
frequency combs in silica microring resonators: interplay of the Raman and higher-order
dispersion eﬀects,” Phys. Rev. A 92, 033851 (2015).
[102] M. Karpov, H. Guo, A. Kordts, V. Brasch, M. H. P. Pfeiﬀer, M. Zervas, M. Geiselmann,
and T. J. Kippenberg, “Raman self-frequency shift of dissipative Kerr solitons in an
optical microresonator,” Phys. Rev. Lett. 116, 103902 (2016).
[103] A. V. Cherenkov, N. M. Kondratiev, V. E. Lobanov, A. E. Shitikov, D. V. Skryabin,
and M. L. Gorodetsky, “Raman-Kerr frequency combs in microresonators with normal
dispersion,” Opt. Express 25, 31148–31158 (2017).
[104] Y. Okawachi, M. Yu, V. Venkataraman, P. M. Latawiec, A. G. Griﬃth, M. Lipson,
M. Lončar, and A. L. Gaeta, “Competition between Raman and Kerr eﬀects in microres-
onator comb generation,” Opt. Lett. 42, 2786–2789 (2017).
[105] S. Fujii, T. Kato, R. Suzuki, A. Hori, and T. Tanabe, “Transition between Kerr comb and
stimulated Raman comb in a silica whispering gallery mode microcavity,” J. Opt. Soc.
Am. B 35, 100–106 (2018).
[106] Y. K. Chembo, I. S. Grudinin, and N. Yu, “Spatiotemporal dynamics of Kerr-Raman
optical frequency combs,” Phys. Rev. A 92, 043818 (2015).
[107] N. G. Pavlov, G. Lihachev, S. Koptyaev, E. Lucas, M. Karpov, N. M. Kondratiev, I. A.
Bilenko, T. J. Kippenberg, and M. L. Gorodetsky, “Soliton dual frequency combs in
crystalline microresonators,” Opt. Lett. 42, 514–517 (2017).
122
Bibliography
[108] C. Bao, P. Liao, A. Kordts, L. Zhang, A. Matsko, M. Karpov, M. H. Pfeiﬀer, G. Xie,
Y. Cao, Y. Yan, A. Almaiman, Z. Zhao, A. Mohajerin-Ariaei, A. Fallahpour, F. Alishahi,
M. Tur, L. Maleki, T. J. Kippenberg, and A. E. Willner, “Orthogonally polarized Kerr
frequency combs,” arXiv preprint arXiv:1705.05045 (2017).
[109] X. Zhao, J. M. Silver, L. D. Bino, and P. Del’Haye, “Dual comb generation in a single
microresonator,” Conference on Lasers and Electro-Optics p. STh3L.4 (2017).
[110] W. Wang, W. Zhang, Z. Lu, S. T. Chu, B. E. Little, Q. Yang, L. Wang, and W. Zhao, “Self-
locked orthogonal polarized dual comb in a microresonator,” Photon. Res. 6, 363–367
(2018).
[111] E. Lucas, G. Lihachev, R. Bouchand, N. G. Pavlov, A. S. Raja, M. Karpov, M. L.
Gorodetsky, and T. J. Kippenberg, “Spatial multiplexing of soliton microcombs,” Nat.
Photonics 12, 699–705 (2018).
[112] T. Hansson, M. Bernard, and S. Wabnitz, “Modulational instability of nonlinear polariza-
tion mode coupling in microresonators,” J. Opt. Soc. Am. B 35, 835–841 (2018).
[113] M. J. Weber, Handbook of optical materials, vol. 19 (CRC Press, 2002).
[114] A. A. Savchenkov, A. B. Matsko, V. S. Ilchenko, N. Yu, and L. Maleki, “Whispering-
gallery-mode resonators as frequency references. ii. stabilization,” J. Opt. Soc. Am. B 24,
2988–2997 (2007).
[115] J. S. Levy, A. Gondarenko, M. A. Foster, A. C. Turner-Foster, A. L. Gaeta, and M. Lipson,
“CMOS-compatible multiple-wavelength oscillator for on-chip optical interconnects,”
Nat. Photonics 4, 37–40 (2009).
[116] P. Del’Haye, S. A. Diddams, and S. B. Papp, “Laser-machined ultra-high-Q microrod
resonators for nonlinear optics,” Appl. Phys. Lett. 102, 221119 (2013).
[117] J. C. Knight, G. Cheung, F. Jacques, and T. A. Birks, “Phase-matched excitation of
whispering-gallery-mode resonances by a ﬁber taper,” Opt. Lett. 22, 1129–1131 (1997).
[118] M. Cai, O. Painter, and K. J. Vahala, “Observation of critical coupling in a ﬁber taper to a
silica-microsphere whispering-gallery mode system,” Phys. Rev. Lett. 85, 74–77 (2000).
[119] S. M. Spillane, T. J. Kippenberg, O. J. Painter, and K. J. Vahala, “Ideality in a ﬁber-taper-
coupled microresonator system for application to cavity quantum electrodynamics,” Phys.
Rev. Lett. 91, 043902 (2003).
[120] T. Carmon, L. Yang, and K. J. Vahala, “Dynamical thermal behavior and thermal self-
stability of microcavities,” Opt. Express 12, 4742–4750 (2004).
[121] K. Y. Yang, K. Beha, D. C. Cole, X. Yi, P. Del’Haye, H. Lee, J. Li, D. Y. Oh, S. A.
Diddams, S. B. Papp, andK. J. Vahala, “Broadband dispersion-engineeredmicroresonator
on a chip,” Nat. Photonics 10, 316–320 (2016).
123
Bibliography
[122] K. Luke, Y. Okawachi, M. R. E. Lamont, A. L. Gaeta, and M. Lipson, “Broadband mid-
infrared frequency comb generation in a Si3N4 microresonator,” Opt. Lett. 40, 4823–4826
(2015).
[123] P. Del’Haye, O. Arcizet, M. L. Gorodetsky, R. Holzwarth, and T. J. Kippenberg, “Fre-
quency comb assisted diode laser spectroscopy for measurement of microcavity disper-
sion,” Nat. Photonics 3, 529–533 (2009).
[124] S.-W. Huang, H. Zhou, J. Yang, J. F. McMillan, A. Matsko, M. Yu, D.-L. Kwong,
L. Maleki, and C. W. Wong, “Mode-locked ultrashort pulse generation from on-chip
normal dispersion microresonators,” Phys. Rev. Lett. 114, 053901 (2015).
[125] X. Yi, “Physics and applications of microresonator solitons and electro-optic frequency
combs”, PhD. Thesis (California Institute of Technology, 2017).
[126] G. P. Agrawal, Nonlinear Fiber Optics (Academic Press, 2013).
[127] T. Carmon and K. J. Vahala, “Visible continuous emission from a silica microphotonic
device by third-harmonic generation,” Nat. Phys. 3, 430–435 (2007).
[128] D. Farnesi, A. Barucci, G. C. Righini, S. Berneschi, S. Soria, and G. Nunzi Conti, “Opti-
cal frequency conversion in silica-whispering-gallery-mode microspherical resonators,”
Phys. Rev. Lett. 112, 093901 (2014).
[129] T. J. Kippenberg, S. M. Spillane, and K. J. Vahala, “Kerr-nonlinearity optical parametric
oscillation in an ultrahigh-Q toroid microcavity,” Phys. Rev. Lett. 93, 083904 (2004).
[130] A.A. Savchenkov, A.B.Matsko, D. Strekalov,M.Mohageg, V. S. Ilchenko, andL.Maleki,
“Low threshold optical oscillations in a whispering gallery mode CaF2 resonator,” Phys.
Rev. Lett. 93, 243905 (2004).
[131] I. S. Grudinin, A. B. Matsko, and L. Maleki, “Brillouin lasing with a CaF2 whispering
gallery mode resonator,” Phys. Rev. Lett. 102, 043902 (2009).
[132] V. Braginski and A. Manukin, “Ponderomotive eﬀects of electromagnetic radiation,” Sov.
Phys. JETP 25, 653–655 (1967).
[133] T. J. Kippenberg, H. Rokhsari, T. Carmon, A. Scherer, and K. J. Vahala, “Analysis of
radiation-pressure induced mechanical oscillation of an optical microcavity,” Phys. Rev.
Lett. 95, 033901 (2005).
[134] A. Schliesser, P. Del’Haye, N. Nooshi, K. J. Vahala, and T. J. Kippenberg, “Radiation
pressure cooling of a micromechanical oscillator using dynamical backaction,” Phys. Rev.
Lett. 97, 243905 (2006).
[135] Y. K. Chembo, “Kerr optical frequency combs: theory, applications and perspectives,”
Nanophotonics 5, 214–230 (2016).
124
Bibliography
[136] Y. K. Chembo and N. Yu, “Modal expansion approach to optical-frequency-comb gen-
eration with monolithic whispering-gallery-mode resonators,” Phys. Rev. A 82, 033801
(2010).
[137] A. B. Matsko, A. A. Savchenkov, W. Liang, V. S. Ilchenko, D. Seidel, and L. Maleki,
“Mode-locked Kerr frequency combs,” Opt. Lett. 36, 2845–2847 (2011).
[138] Y. K. Chembo and C. R. Menyuk, “Spatiotemporal Lugiato-Lefever formalism for Kerr-
comb generation in whispering-gallery-mode resonators,” Phys. Rev. A 87, 053852
(2013).
[139] S. Coen, H. G. Randle, T. Sylvestre, and M. Erkintalo, “Modeling of octave-spanning
Kerr frequency combs using a generalized mean-ﬁeld Lugiato-Lefever model,” Opt. Lett.
38, 37–39 (2013).
[140] F. Ferdous, H. Miao, D. E. Leaird, K. Srinivasan, J. Wang, L. Chen, L. T. Varghese, and
A. M. Weiner, “Spectral line-by-line pulse shaping of on-chip microresonator frequency
combs,” Nat. Photonics 5, 770–776 (2011).
[141] T. Herr, K. Hartinger, J. Riemensberger, C. Y. Wang, E. Gavartin, R. Holzwarth, M. L.
Gorodetsky, and T. J. Kippenberg, “Universal formation dynamics and noise of Kerr-
frequency combs in microresonators,” Nat. Photonics 6, 480–487 (2012).
[142] P. Del’Haye, A. Coillet, W. Loh, K. Beha, S. B. Papp, and S. A. Diddams, “Phase steps and
resonator detuning measurements in microresonator frequency combs,” Nat. Commun.
6, 5668 (2015).
[143] Y. Liu, Y. Xuan, X. Xue, P.-H. Wang, S. Chen, A. J. Metcalf, J. Wang, D. E. Leaird,
M. Qi, and A. M. Weiner, “Investigation of mode coupling in normal-dispersion silicon
nitride microresonators for Kerr frequency comb generation,” Optica 1, 137–144 (2014).
[144] X. Xue, Y. Xuan, P.-H. Wang, Y. Liu, D. E. Leaird, M. Qi, and A. M. Weiner, “Normal-
dispersion microcombs enabled by controllable mode interactions,” Laser Photonics Rev.
9, L23–L28 (2015).
[145] X. Xue, Y. Xuan, Y. Liu, P.-H. Wang, S. Chen, J. Wang, D. E. Leaird, M. Qi, and A. M.
Weiner, “Mode-locked dark pulse Kerr combs in normal-dispersion microresonators,”
Nat. Photonics 9, 594–600 (2015).
[146] P. Grelu, Nonlinear optical cavity dynamics: from microresonators to ﬁber lasers (John
Wiley & Sons, 2015).
[147] T. Herr, V. Brasch, J. D. Jost, I. Mirgorodskiy, G. Lihachev, M. L. Gorodetsky, and T. J.
Kippenberg, “Mode spectrum and temporal soliton formation in optical microresonators,”
Phys. Rev. Lett. 113, 123901 (2014).
125
Bibliography
[148] A. Schließer, “Cavity optomechanics and optical frequency comb generation with silica
whispering-gallery-mode microresonators”, PhD. Thesis (Ludwig Maximilian University
of Munich, 2009).
[149] V. B. Braginsky, S. E. Strigin, and S. P. Vyatchanin, “Parametric oscillatory instability in
Fabry-Perot interferometer,” Phys. Lett. A 287, 331–338 (2001).
[150] A. Coillet, I. Balakireva, R. Henriet, K. Saleh, L. Larger, J. M. Dudley, C. R. Menyuk,
and Y. K. Chembo, “Azimuthal turing patterns, bright and dark cavity solitons in Kerr
combs generatedwithwhispering-gallery-mode resonators,” IEEEPhoton. J. 5, 6100409–
6100409 (2013).
[151] A. Coillet and Y. Chembo, “On the robustness of phase locking in Kerr optical frequency
combs,” Opt. Lett. 39, 1529–1532 (2014).
[152] Z. Shen, Z.-H. Zhou, C.-L. Zou, F.-W. Sun, G.-P. Guo, C.-H. Dong, and G.-C. Guo,
“Observation of high-Q optomechanical modes in the mounted silica microspheres,”
Photon. Res. 3, 243–247 (2015).
[153] T. Kobatake, T. Kato, H. Itobe, Y. Nakagawa, and T. Tanabe, “Thermal eﬀects on Kerr
comb generation in a CaF2 whispering-gallery mode microcavity,” IEEE Photon. J. 8,
1–9 (2016).
[154] D. Hollenbeck and C. D. Cantrell, “Multiple-vibrational-mode model for ﬁber-optic
Raman gain spectrum and response function,” J. Opt. Soc. Am. B 19, 2886–2892 (2002).
[155] B. Min, L. Yang, and K. Vahala, “Controlled transition between parametric and Raman
oscillations in ultrahigh-Q silica toroidal microcavities,” Appl. Phys. Lett. 87, 181109
(2005).
[156] S. B. Papp, P. Del’Haye, and S. A. Diddams, “Mechanical control of a microrod-resonator
optical frequency comb,” Phys. Rev. X 3, 031003 (2013).
[157] D. V. Skryabin and A. V. Gorbach, “Colloquium: looking at a soliton through the prism
of optical supercontinuum,” Rev. Mod. Phys. 82, 1287–1299 (2010).
[158] S. Fujii, A. Hori, T. Kato, R. Suzuki, Y. Okabe, W. Yoshiki, A.-C. Jinnai, and T. Tanabe,
“Eﬀect on Kerr comb generation in a clockwise and counter-clockwise mode coupled
microcavity,” Opt. Express 25, 28969–28982 (2017).
[159] S. M. Link, D. J. H. C. Maas, D. Waldburger, and U. Keller, “Dual-comb spectroscopy
of water vapor with a free-running semiconductor disk laser,” Science 356, 1164–1168
(2017).
[160] M. N. Islam, C. D. Poole, and J. P. Gordon, “Soliton trapping in birefringent optical
ﬁbers,” Opt. Lett. 14, 1011–1013 (1989).
126
Bibliography
[161] Y. S. Kivshar, “Soliton stability in birefringent optical ﬁbers: analytical approach,” J.
Opt. Soc. Am. B 7, 2204–2209 (1990).
[162] T. Ueda and W. L. Kath, “Dynamics of coupled solitons in nonlinear optical ﬁbers,” Phys.
Rev. A 42, 563–571 (1990).
[163] S. T. Cundiﬀ, B. C. Collings, N. N. Akhmediev, J. M. Soto-Crespo, K. Bergman, and
W. H. Knox, “Observation of polarization-locked vector solitons in an optical ﬁber,” Phys.
Rev. Lett. 82, 3988–3991 (1999).
[164] N. Nishizawa and T. Goto, “Characteristics of pulse trapping by use of ultrashort soliton
pulses in optical ﬁbers across the zero-dispersion wavelength,” Opt. Express 10, 1151–
1159 (2002).
[165] I. S. Grudinin andN.Yu, “Dispersion engineering of crystalline resonators viamicrostruc-
turing,” Optica 2, 221–224 (2015).
[166] Y. Nakagawa, Y. Mizumoto, T. Kato, T. Kobatake, H. Itobe, Y. Kakinuma, and T. Tanabe,
“Dispersion tailoring of a crystalline whispering gallery mode microcavity for a wide-
spanning optical Kerr frequency comb,” J. Opt. Soc. Am. B 33, 1913–1920 (2016).
[167] S. Fujii, Y. Okabe, R. Suzuki, T. Kato, A. Hori, Y. Honda, and T. Tanabe, “Analysis
of mode coupling assisted Kerr comb generation in normal dispersion system,” IEEE
Photon. J. 10, 4501511 (2018).
[168] X. Yi, Q.-F. Yang, K. Youl Yang, and K. Vahala, “Active capture and stabilization of
temporal solitons in microresonators,” Opt. Lett. 41, 2037–2040 (2016).
[169] Q.-F. Yang, X. Yi, K. Y. Yang, and K. Vahala, “Counter-propagating solitons in microres-
onators,” Nat. Photonics 11, 560–564 (2017).
[170] A. B. Matsko and L. Maleki, “On timing jitter of mode locked Kerr frequency combs,”
Opt. Express 21, 28862–28876 (2013).
[171] X. Yi, Q.-F. Yang, K. Y. Yang, and K. Vahala, “Theory and measurement of the soliton
self-frequency shift and eﬃciency in optical microcavities,” Opt. Lett. 41, 3419–3422
(2016).
[172] D. V. Strekalov and N. Yu, “Generation of optical combs in a whispering gallery mode
resonator from a bichromatic pump,” Phys. Rev. A 79, 041805 (2009).
[173] W. Wang, S. T. Chu, B. E. Little, A. Pasquazi, Y. Wang, L. Wang, W. Zhang, L. Wang,
X. Hu, G. Wang, H. Hu, Y. Su, F. Li, Y. Liu, and W. Zhao, “Dual-pump Kerr micro-cavity
optical frequency comb with varying FSR spacing,” Sci. Rep. 6, 28501 (2016).
[174] S. B. Papp, P. Del’Haye, and S. A. Diddams, “Parametric seeding of a microresonator
optical frequency comb,” Opt. Express 21, 17615–17624 (2013).
127
Bibliography
[175] C. Bao, P. Liao, A. Kordts, L. Zhang, M. Karpov, M. H. P. Pfeiﬀer, Y. Cao, Y. Yan,
A. Almaiman, G. Xie, A. Mohajerin-Ariaei, L. Li, M. Ziyadi, S. R. Wilkinson, M. Tur,
T. J. Kippenberg, and A. E. Willner, “Dual-pump generation of high-coherence primary
Kerr combs with multiple sub-lines,” Opt. Lett. 42, 595–598 (2017).
[176] X.-F. Jiang, Y.-F. Xiao, C.-L. Zou, L. He, C.-H. Dong, B.-B. Li, Y. Li, F.-W. Sun, L. Yang,
and Q. Gong, “Highly unidirectional emission and ultralow-threshold lasing from on-chip
ultrahigh-Q microcavities,” Adv. Mater. 24, OP260–OP264 (2012).
[177] C. Li, L. Zhou, S. Zheng, and A. W. Poon, “Silicon polygonal microdisk resonators,”
IEEE J. Sel. Top. Quantum Electron. 12, 1438–1449 (2006).
[178] H. Kudo, R. Suzuki, and T. Tanabe, “Whispering gallery modes in hexagonal microcavi-
ties,” Phys. Rev. A 88, 023807 (2013).
[179] T. Kato, W. Yoshiki, R. Suzuki, and T. Tanabe, “Octagonal silica toroidal microcavity for
controlled optical coupling,” Appl. Phys. Lett. 101, 121101 (2012).
[180] I. Zubel and M. Kramkowska, “Development of etch hillocks on diﬀerent Si(hkl) planes
in silicon anisotropic etching,” Surf. Sci. 602, 1712–1721 (2008).
[181] B. E. Little, S. T. Chu, H. A. Haus, J. Foresi, and J. . Laine, “Microring resonator channel
dropping ﬁlters,” J. Light. Technol. 15, 998–1005 (1997).
[182] Y. Liu, T. Chang, and A. E. Craig, “Coupled mode theory for modeling microring
resonators,” Opt. Eng. 44, 084601 (2005).
128
Acknowledgements
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
???????????????????????????????????????
??????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????Purdue University?Washington University in St. Louis????????????
????????????????????????????????????????
????????????????????????????
??????????????????????????????????????
??????????????????????????? Purdue University, School of
Electrical and Computer Engineering? Prof. Andrew M. Weiner????????????
????????????????????????????????????????
???????????????????????????????????????
????????????????????????????????????????
???????????????????????????????????????
???????????????????????????????????????
???????????????????????????????????????
???????????????????????????????????????
??????????? I would like to show my appreciation to Prof. Weiner for being my
thesis committee and having given me some guidance on microcombs when I stayed in Purdue
University.
??????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
???????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
???????????????????????????????????????
129
Acknowledgements
????????????????????????????????????????
????????????????????????????????????????
??????????????
??????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
???????????????????????????
??????????????????????????????????????
???????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
?????????????????
??????????????????????????????????????
????????????????????????????????????????
???????????????? (GESL)????????????????????
????????????????????????????????????????
??????????
??????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
?????????????
130
List of publications and presentations
Publications (related to this thesis)
[1] R. Suzuki, S. Fujii, A. Hori, and T. Tanabe,?Theoretical study on dual-comb generation
and soliton trapping in a singlemicroresonatorwith orthogonally polarized dual pumping,?
IEEE Photon. J. 11, 6100511 (2019) [https://doi.org/10.1109/JPHOT.2018.2888637].
[2] R. Suzuki, A. Kubota, A. Hori, S. Fujii, and T. Tanabe,?Broadband gain induced Raman
comb formation in a silica microresonator,? J. Opt. Soc. Am. B 35, 933–938 (2018)
[https://doi.org/10.1364/JOSAB.35.000933].
[3] R. Suzuki, T. Kato, T. Kobatake, and T. Tanabe,?Suppression of optomechanical para-
metric oscillation in a toroid microcavity assisted by a Kerr comb,? Opt. Express 25,
28806–28816 (2017) [https://doi.org/10.1364/OE.25.028806].
Other publications
[1] S. Fujii, Y. Okabe, R. Suzuki, T. Kato, A. Hori, Y. Honda, and T. Tanabe, ?Analysis
of mode coupling assisted Kerr comb generation in normal dispersion system,? IEEE
Photon. J. 10, 4501511 (2018).
[2] ????,???,????,???????Q?????????????????
?? 87, 181–186 (2018)?
[3] ???,???,???,?????,?????????????????????
?????????????????? 46, 97–102 (2018)?
[4] ????,???,???,?????,????????????????????
?????????? 46, 86–91 (2018)?
[5] S. Fujii, T. Kato, R. Suzuki, A. Hori, and T. Tanabe,?Transition between Kerr comb and
stimulated Raman comb in a silica whispering gallery mode microcavity,? J. Opt. Soc.
Amer. B 35, 100–106 (2018).
[6] S. Fujii, A. Hori, T. Kato, R. Suzuki, Y. Okabe, W. Yoshiki, A. C.-Jinnai, and T. Tanabe,
?Eﬀect on Kerr comb generation in a clockwise and counter-clockwise mode coupled
microcavity,? Opt. Express 25, 28969–28982 (2017).
131
List of publications and presentations
[7] S. Fujii, T. Kato, R. Suzuki, and T. Tanabe,?Third-harmonic blue light generation from
Kerr clustered combs and dispersive waves,? Opt. Lett. 42, 2010–2013 (2017).
[8] T. Kato, A. Hori, R. Suzuki, S. Fujii, T. Kobatake, and T. Tanabe, ?Transverse mode
interaction via stimulated Raman scattering comb in a silica microcavity,?Opt. Express
25, 857–866 (2017).
[9] T. Kato, A. C.-Jinnai, T. Nagano, T. Kobatake, R. Suzuki, W. Yoshiki, and T. Tanabe,
?Hysteresis behavior of Kerr frequency comb generation in a high-quality-factor whisper-
ing gallery mode microcavity,? Jpn. J. Appl. Phys. 55, 072201 (2016).
[10] R. Suzuki, T. Kato, T. Tetsumoto, and T. Tanabe, ?Octagonal toroid microcavity for
mechanically robust optical coupling,?AIP Advances 5, 057127 (2015) [https://doi.org/
10.1063/1.4921201].
[11] H. Kudo, R. Suzuki, and T. Tanabe,?Whispering gallery modes in hexagonal microcav-
ities,? Phys. Rev. A 88, 023807 (2013).
[12] T. Kato, W. Yoshiki, R. Suzuki, and T. Tanabe, ?Octagonal silica toroidal microcavity
for controlled optical coupling,? Appl. Phys. Lett. 101, 121101 (2012).
Presentations (international conference)
[1] R. Suzuki, S. Fujii, A. Hori, and T. Tanabe,?Soliton trapping in a Kerr microresonator
with orthogonally polarized dual-pumping,? Paciﬁc Rim Conference on Lasers and
Electro-Optics (CLEO Paciﬁc Rim), W1B.3, Hong Kong, July 29–August 3 (2018).
[2] R. Suzuki, A. Kubota, A. Hori, S. Fujii, and T. Tanabe,?Raman comb generation through
broadband gain in a silica microresonator,? Conference on Lasers and Electro-Optics
(CLEO), SW3A.7, San Jose, May 13–18 (2018).
[3] R. Suzuki, A. Kubota, S. Fujii, A. Hori, T. Kato, and T. Tanabe,?Raman comb formation
in silica rod microresonator,? Frontiers in Optics/Laser Science Conference (FiO/LS),
JW3A.76, Washington DC, September 17–21 (2017).
[4] R. Suzuki, T. Kato, T. Kobatake, and T. Tanabe, ?Cavity optomechanical coupling to
multiple resonances assisted by Kerr comb generation in toroid microcavity,?Conference
on Lasers and Electro-Optics / Europe (CLEO/Europe), CD-P.7, Munich, June 25–29
(2017).
[5] R. Suzuki, T. Kato, A. C.-Jinnai, T. Nagano, T. Kobatake, and T. Tanabe, ?Kerr comb
generationwith suppressed cavity-optomechanical oscillation in toroidmicrocavity,?Con-
ference on Lasers and Electro-Optics (CLEO), STu3Q.7, San Jose, June 5–10 (2016).
[6] R. Suzuki, T. Kato, A. C.-Jinnai, T. Kobatake, S. Fujii, and T. Tanabe, ?Eﬀects with
Kerr comb in silica toroid microcavity: Raman scattering and third harmonic generation,?
Advances Lasers and Photon Sources Conference (ALPS), ALPS1-3, Yokohama, May
17–20 (2016).
132
[7] R. Suzuki, A. C.-Jinnai, T. Nagano, T. Kobatake, T. Kato and T. Tanabe, ?Inﬂuence
of cavity optomechanics on Kerr frequency combs,? APS March Meeting, A51.00008,
Baltimore, March 14–18 (2016).
[8] R. Suzuki, T. Kato, T. Kobatake, and T. Tanabe,?RF noise measurement of a microcavity
Kerr comb generated by dual pumping,? Advances Lasers and Photon Sources (ALPS),
ALPS3-5, Yokohama, April 22–25 (2014).
[9] R. Suzuki, T. Kato and T. Tanabe,?Octagonal toroid microcavity for mechanically robust
couplingwith optical ﬁber,?Conference on Lasers and Electro-Optics (CLEO), JTu4A.44,
San Jose, June 9–14 (2013).
Presentations (domestic conference)
[1] ???,????,????,?????????????????????????
????????????????????????????15p-E205-8?????
????March 14–17 (2017)?
[2] ???, ????, ????, ????????????????????????
??????RF?????????????????????17p-F7-12?????
???????????March 17–20 (2014)?
[3] ???,????,??????????????????????????????
????????????28p-A2-4?????????March 27–30 (2013)?
[4] ???,????,???????????????????????????????
Optics and Photonics Japan (OPJ)?24pPD2??????????October 23–25 (2012)?
133
